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ABSTRACT 


A world-wide  survey  of  marine  engineers,  shipyards,  and  regulating 
agencies  was  conducted  to  ascertain  both  current  and  contemplated  approaches 
to  arresting  cracks  in  ship  hulls.  As  a result  of  this  survey,  a crack  ar- 
rester classification  system  was  developed.  The  classification  was  used  to  aid 
in  a systematic  investigation  aimed  at  determining  the  most  attractive  practical 
schemes  for  arresting  cracks  in  ship  hulls.  In  addition  to  describing  the  classi- 
fication system,  example  calculations  showing  quantitatively  the  effect  of  imposing 
various  kinds  of  mechanical  arrester  devices  in  the  path  of  a fast-moving  crack 
are  given  in  the  report.  Considerable  background  material  on  the  theoretical  con- 
cepts and  material  characterizations  required  for  the  arrest  of  fast  fractures 
and  fatigue  is  also  given.  Taken  together  the  work  described  in  the  report  can 
be  used  as  a first  step  in  developing  guidelines  for  ship  designers  in  situations 
where  structural  perturbations  for  the  purpose  of  arresting  unstable  crack 
propagation  are  envisioned. 
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1.0  INTRODUCTION 


Early  instances  in  which  the  catastrophic-  failure  of  a ship  hull  was 
averted  by  the  arrest  of  a rapidly  propagating  crack  occurred  in  the  1920's. 

The  liners  Majestic  and  Leviathan  both  came  perilously  close  to  breaking  in 
two  at  sea  in  the  winter  North  Atlantic.  In  each  case,  cracks  propagated 
across  the  strength  deck  and  down  the  ships'  sides  and  stopped  at  circular  air 
port  openings^  . While  these  somewhat  fortuitous  cases  might  have  served  to 
stimulate  research  on  fracture,  intensive  action  was  not  initiated  until  after 
the  epidemic  of  ship  failures  originating  with  the  Schenectady  and  the  Esso  Man- 
hattan during  World  War  11.  Substantially,  as  a result  of  these  and  other 

serious  brittle  fractures  in  Liberty  ships  and  T-2  tankers,  a program  of  research 
was  begun.  This  work  has  developed  into  the  present-day  technical  discipline  of 
! r act  tire  mechanics. 

Fracture  mechanics  opens  the  way  to  analyze  enegineering  structures  that 
wiil  experience  predetermined  amounts  of  stable  and  unstable  crack  growtu. 
Structures  can  then  be  made  "damage  tolerant"  in  1 different  wavs: 

(1)  Through  the  selection  of  relatively  high-toughness 
materials,  cracks  are  not  allowed  to  grow  to  a 
critical  size.  Periodic  inspections  are  carried  out 
to  ensure  that  cracks  are  detected  before  they  can 
cause  fast  fracture.  In  order  to  schedule  the  in- 
spection interval,  an  accurate  characterization  of 
fatigue  crack-growth  behavior  is  required. 

(2)  Moder  Le  or  low-toughness  materials  are  employed  and 
cracks  are  allowed  to  grow  to  a critical  size  and 
cause  fast  fracture.  However,  the  structure  is  de- 
signed redundant  such  that  a fast  crack  is  arrested 
without  causing  complete  loss  of  the  structure.  This 
can  be  achieved  by  building  a structure  consisting  of 
parallel  members,  one  of  which  may  completely  fail, 
or  by  the  use  of  crack  arresters. 

(3)  Moderate  or  low- toughness  materials  are  employed  and 
cracks  are  permitted  to  grow  to  critical  size  as  in 
(2)  but  the  structure  is  not  redundant.  Instead, 
crack  arresters  are  installed  in  critical  locations. 

These  are  designed  to  stop  the  crack  before  excessive 
damage  is  sustained  and  to  contain  the  structure  until 
repairs  can  be  made. 

Presently,  damage-tolerant  concepts  1 and  2 are  successfully  used  in 
aircraft  design.  Some  of  the  methodologies  developed  in  the  aircraft  industry 
will  be  discussed  later  in  this  report. 

Fracture  mechanics,  damage  tolerant  strategies  have  not  been  applied 
in  detail  in  the  design  of  ship  hulls  and  thus  may  have  contributed  to  such  recent 


V 
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fractures  as  the  large  integrated  tug/barge  M.V.  Martha  R.  Ingram  in  New  York 
harbor  in  197- Hut  the  use  ot  fracture  mechanics  concepts  has  been  advocated. 
Rolfe  et  al  1 have  proposed  that  the  most  economical  damage- tol erant  strategy  for 
ship  hulls  is  the  use  of  materials  with  "moderate  levels  of  notch  toughness  with 
properly  designed  crack  arresters". 

In  returning  to  the  consideration  of  crack  arrester  systems  to  prevent 
snip  hull  fracture,  the  problem  has  come  full  circle.  The  original  solution  to 
tin  all-welded  Liberty  ship  dilemma  during  World  War  II  was  to  incorporate  crack 
arresters  where  advancing  brittle  failures  were  to  be  stopped.  These  consisted 
of  r lame-cut  longitudinal  slots  along  the  whole  midship  portion  that  were  covered 
with  riveted  straps.  Many  cases  are  on  record  of  cracks  being  arrested  by  these 
devices,  and  it  is  almost  certain  that  several  ships  were  saved  from  complete 
rupture  by  their  presence-.  More  refined  concepts  such  as  arresting  a brittle 
tracture  with  a strake  of  notch-tough  steel  welded  between  strakes  of  standard 
ship  steel  are  currently  favored  by  ship  designers.  However,  crack  arrester  de- 
sign procedures  are  still  not  well  developed  in  general. 

Tli  • general  objectives  of  this  report  are  as  follows.  First,  the 
x t tut  t which  crack  arrester  systems  are  considered  in  present-day  ship  designs, 
■is  deter?) ined  by  surveying  marine  engineers,  shipyards,  and  regulating  agencies, 

-’ot  h in  the  C.S.  and  abroad,  will  be  discussed.  Second,  a study,  identifying 
the  basic  material  and  theoretical  concepts  required  for  crack  arrest  design 
and  setting  the  stage  for  more  advanced  research  into  the  design  of  effective 
rack  arresters  for  ship  hulls,  is  given.  Third,  the  current  state  of  the 
,rr  ’1  rack  arrester  schemes  was  classified  and  evaluated  to  identify  concepts 
iv  • v ed  in  their  design.  Fourth  and  last,  recommendations  for  the  research  needed 
l this  U"  anological  problem  are  set  out  and  discussed. 


-2- 


err 


i an 


2.0  DESCRIPTION  OF  EXISTING  CRACK  ARRESTER  DESIGN  PRACTICES 


2.1  BASIC  PRINCIPLES  AND  CLASSIFICATION  OF  ARRESTERS 


The  basic  principle  behind  the  use  of  a crack  arrester  is  to  reduce  the 
crack  driving  force  below  the  resisting  force  that  must  be  overcome  to  extend 
a crack.  The  crack-driving  force  is  the  energy  (strain  energy,  kinetic  energy 
and  external  work)  released  by  the  structure  at  the  crack  tip  as  fracture  extends. 
The  resisting  force  is  fracture  energy  which  is  closely  related  to  the  fracture 
toughness  of  the  material.  This  principle — which  underlies  the  new  discipline 
of  fracture  mechanics — can  be  used  to  classify  the  different  crack  arrester  von- 
f igurat ions . 

(1)  Arresters  that  decrease  the  crack  driving  force  of  a pro- 
pagating crack 

(2)  Arresters  that  increase  the  fracture  toughness  of  tin 
material  encountered  by  a propagating  crack 

(3)  Arresters  that  simultaneously  change  both  the  driving 
force  and  the  toughness. 

A more  detailed  description  of  this  classification  together  with  some  numerical 
examples  are  given  in  Chapter  6 of  this  report.  A quantitative  discussion  of  the 
fracture  mechanics  parameters  is  given  in  Chapter  3. 

In  the  remainder  of  the  section,  brief  descriptions  o!  the  various  kinds 
of  crack  arresters  will  be  given. 


t 

» 


Riveted  Seam  Type  of  Crack  Arrester.  (Figure  2.2.1)  The  continuous 
structure  of  an  all-welded  ship  makes  crack  arresters  very  essential.  In  the 
case  of  a riveted  discontinuous  hull  structure,  a crack  obviously  cannot  continue 
to  propagate  over  a riveted  seam.  The  easiest  and  simplest  tvpe  of  . rack  am  ur 
system  would  be  to  use  riveted  seams  at  the  vital  portion  of  welded  structures. 
However,  the  economic  and  labor  conditions  existing  today  prei  I tide  them  be  air  • 
of  the  scarcity  of  qualified  riveters. 


Inserted  Type  of  Crack  Arrester.  (Figure  2.2.2)  In  t is  typ<  : rai 

arrester,  tougher  steel  is  used  just  at  vital  locations  in  the  structure.  it  i 
not  economical  to  use-high  quality  material  in  the  whole  structure.  The  ha  i 
idea  is  that  a tough  arrester  strake  elevates  the  crack  resisting  t re.  af  a 
the  level  of  the  ergek-dr iv ing  force.  This  is  the  most  common  tvpe  employed  in 
marine  applications  . Also,  experimental  evaluations  of  this  type  of  arrester 
have  been  carried  out  rather  extensively *® 
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Patch  Type  of  Crack  Arrester . (Figure  2.2.  3)  The  1 io  . in  this 
type  of  arrester  is  to  suppress  the  crack-driving  force  by  i 

sion  load  from  a patch.  In  some  experimental  investigations,  th*  • 'feet  of  the 
patch  reveals  a decrease  in  K near  the  patch. * u’ ^ Thus,  when  rack  runs 
into  this  region,  it  will  he  arrested  even  though  the  basic  fra  ture  toughness 
is  not  changed. 


Stiffener  Type  of  Crack  Arrest  or . (Figure  2.2.4)  The  mechanism  of 
arresting  a running  crack  in  this  system  is  similar  to  riie  patch-type  model. 
Calculations  have  shown  that  if  the  main  crack  passes  through  tin  stiffener, 
the  accompanying  displacement  would  he  resisted  by  the  stiffener,  causing 
compressive  stress  at  the  crack  area  and  a reduction  in  tin*  driv  • 'or  e. 

Test  results  from  various  combinations  of  a stiffeners,  material.*  and  heat 
treat  conditions  indicate  that  cracks  can  be  arrested  using  this  concept. 

A T-type  integral  stiffener  is  also  shown  on  Figure  2.2.4. 

Ditch  type  > * ; Crack  Arrester.  ( F l -.-.nr*-  2.2-5)  In  thi  : • : crack 

arrester,  the  base  material  thickness  is  thinned  bv  machining  a groove  along  the 
plate  in  a direction  perpendicular  to  the  anticipated  running  crack.  The  basic 
idea  is  that  the  fracture  mode  can  be  made  to  change  at  the  reduced  section  by 
producing  a shear  lip  there.  The  effect  of  the  shear  lip  is  to  increase  the 
energy  dissipation  mode  and  to  change  the  crack  propagation  direction  to  eventually 
arrest  the  crack. 
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Welded  Patch  Type 


Riveted  Patch  Type 
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The  problem  oi  brittle  tr.  tur-  in  hip  stric  tures  has  been  addressed 
by  the  classification  societies  " i.nl.  ?•.  usinj-  tliree  • imu 1 taneous  approaches: 

I • improvement  i • ■ • tecial 

steels  in  cert  a in  are. in  1 the  ship 

2.  Improvement  in  tin  str.  .mil'  sis  «»t  ship  structures 

3.  Improvement  in  del  »iJ  design  to  redui  e stress  concen- 

t rat  ion  ef t »*c i 

In -the  post -WW l I er.  when  the  brittle  fracture  problem  became  most 
crucial,  the  classif  iiaiion  ieties  t irsi  took  independent  action.  As  a re- 
sult, a large  number  ot  spe<  ii  i.  at  ions  were  institutes.,  sometimes  of  a conflicting 
nature.  In  1959,  however,  the  societies*  joined  in  a unification  of  their  rules 
which  was  welcomed  by  both  shipbuilders  and  steelmakers. 

The  steels  are  specif ied  by  the  societies  with  the  intention  of  pro- 
viding grades  at  strength  levels  with  the  necessary  toughness  for  their  intended 
use.  The  gradation  of  toughness  is  obtained  by  specifying  the  appropriate  re- 
quirements for  control  of  chemical  composition,  process  of  manufacture,  melting 
practice  and,  in  some  cases,  verification  by  Charpy  V-notch  testing.  The  Ameri- 
can Bureau  of  Shipping  steel  grade  specifications  are  shown  in  Tables  2.3.1  and 

2.3.2  . For  comparison.  Table  2.3.3  shows  the  specifications  for  some  of  the 

same  steels  from  Lloyd's  Register  of  Shipping^.  These  specifications  differ 
essentially  only  in  the  area  of  Charpy  V-notch  testing  temperatures.  The  ABS 
specifications  require  a lower  testing  temperature. 

The  applications  for  each  steel  are  indicated  in  the  various  sections 
of  the  Rules  to  assure  that  the  quality  of  each  steel  is  suitable  for  the  steel 
thickness,  ship  »ize,  and  particular  application  involved . For  example,  the 
ABS  requirement  for  Grade  A steel  (the  lowest  toughness  category)  may  be  used 
up  to  5 L mm  (2  in)  thickness  in  low  stress  areas,  hut  would  not  be  permitted 
in  any  thickness  for  the  sheer  strake  of  an  ocean  going  vessel  in  excess  of  137 

meters  (450  feet)  in  length.  For  this  type  of  service,  a Grade  B steel  would  be 

required  up  to  a thickness  of  16  mm  (0.65  in),  a Grade  I)  normalized  up  to  2 7.5  mn 
( 1 . 08  in)  and  a Grade  CS,  E,  r 1 1 rmali2ed  (2.0  in) . Thes<  re- 

lationships between  steel  grades  and  ship  . ppli>  aliens  are  based  primarily  on 
proven  service  experience  under  i wide  variety  of  conditions  encountered  by 
merchant  ships  over  the  past  years. 

While  the  Society  Rules  do  not  use  the  terminology  of  era  k arrester, 
they  do  specify  that  the  t uglier  grades  (Grade  K,  for  example)  be  used  where 

ti\e  arrester  strikes  *ri  usually  applied.  Lloyd's,  for  example,  specifies 

Grade  K steel  it  the  sheerst rake , over  the  longitudinal  bulkheads,  and  at  the 


treau  of  Shipping,  Bureau  Veritas,  Germanise  her  Lloyd,  Lloyd’s  Register 

ki  Veritas,  .mu.  Reg  is  t r o I L<*  1 iduiio 
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turn-of-the  bilge  strakes.  Figure  2.3.1  shows  this  requirement  for  a typical 
tanker  section^  . 

The  American  Bureau  of  Shipping  specifies  the  minimum  width  ol:  the  sheer- 
strake  for  the  midship  to  the  length  of  0.4  L using  the  following  equations.  In 
these  equations,  L is  the  length  of  the  vessel  and  b is  the  width  of  the  sheer- 
strake. 


(a)  for  vessels  less  than  120  m (395  ft)  in  length, 

b = 5L  + 916  mm 
or  b = 0.06L  + 36  in. 

(b)  for  vessels  of  120  m (395  ft)  or  more  in  length  but 
not  exceeding  427  m (1400  ft)  in  length 

b = 1525  ;nm 
or  b = 60  in. 

The  thickness  of  the  sheerstrake  is  also  specified  in  the  ABS  require- 
ments. 


The  stress  analysis  of  ship  structures  has  been  improved  through  the 
years,  most  importantly  through  the  use  of  finite-element  st ress - analyst s computer 
programs.  Many  such  programs  are  in  use  and  some  are  favored  by  certain  design 
agencies  over  others,  but  general  structural  programs  such  as  STRUDI,,  STRESS,  and 
DAISY  are  suited  to  analyze  a complete  ship,  a section  in  more  detail,  or  a single 
member  in  great  detail.  The  ABS  is  favoring  DAISY  as  an  applicable  program.  Ob- 
viously, the  use  of  better  stress  analysis  techniques  and  the  resulting  improve- 
ment in  design  details  to  reduce  stress  concentrations  will  improve  the  brittle 
fracture  problem. 
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2.3  SURVEY  OF  MARINE  ENGINEERS,  SHIPYARDS,  AND  REGULATING  AGENCIES 


In  order  to  determine  the  state  of  current  research  and  practice  on 
the  problem  of  arresting  cracks  in  ship  hulls,  a survey  of  domestic  and  foreign 
shipyards,  design  agencies,  academic  institutions,  and  regu  l.atorv  agencies  re- 
lated to  ship  hull  design  was  undertaken. 

Before  the  survey  was  started,  the  scope  of  the  effort  was  further  re- 
fined in  that  the  data  were  to  include  only  commercial  ship  hull  designs  and  not 
military  ships.  Both  fatigue  and  fast  fracture  arrest  concepts  were  to  be  con- 
sidered, but  special  nurnosi-  ships  or  materials  for  special  applications 
were  not  to  be  included. 

The  survey  asked: 

(1)  Do  you  presently  design  crack  arrester  systems  for 
ship  hull  structures? 

(2)  Have  you  generated  experimental  data  to  support  the 
effectiveness  of  various  ship  hull  crack  arrester  de- 
vices? If  so,  are  these  data  available? 

(3)  What  design  procedure  is  followed  for  fracture  control 
in  ship  hulls? 

As  a component  of  the  foreign  survey,  a search  was  made  of  the  open 
literature  to  identify  the  most  current  crack  arrester  data  along  with  additional 
agencies  to  be  contacted.  The  use  of  the  U.S.  Air  Force  CIRC  computer  storage 
file  of  Slavic-language  technical  literature  search  indicated  a small  number  of 
journal  articles  pertaining  to  hull  crack  arresters. 


2.3.1  Results  of  Domestic  Survev 


Approximately  30  percent  of  thirty-seven  U.S.  companies  contacted 
responded.  Among  the  topics  discussed  with  representatives  of  the  companies 

(a)  Crack  arresting  techniques,  if  any,  that  are  being  used 
or  recommended  in  their  work 

(b)  Experimental  data  on  crack  arresters,  either  published 
or  unpublished 

(c)  Any  past  experiences  with  crack  arresters. 


were 


The  results  indicate  that  very  little  that  is  new  in  the  way  of  crack  arresting 
techniques  is  currently  being  used  by  domestic  shipbuilders  and  naval  architects. 
Most  respondents  indicated  that  they  are  generally  aware  of  and  use  the  practices 
of  employing  notch-tough  steels  and  designing  to  avoid  stress  concentrators  in 
the  hull  and  deck  attachments.  Most  of  those  who  consciously  design  and  build 
crack  arresters  use  the  welded,  integral  strakes  of  notch-tough  steel  at  the  turn 
of  the  bilge  and  sheer-strake  locations.  Hut,  over  half  of  those  responding  to 
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the  survey  have  also  used  bolted  or  riveted  st rakes  to  act  as  crack  arresters. 
Nearly  all  of  those  responding  indicated  that  they  look  upon  ABS  for  direction 
in  this  area. 

The  respondents  followed  the  ABS  requirements  for  material  strengths 
in  the  high-stress  areas.  Some  shipbuilders  indicated  they  used  a grade  or 
two  tougher  than  that  recommended  by  ABS  for  that  particular  thickness  and 
application  as  an  additional  degree  of  conservativeness  in  design.  The  high- 
stress  zone  such  as  the  turn  of  the  bilge  and  the  sheerstrake  areas  were 
treated  by  using  integral  strakes  of  welded-in  tougher  materials  by  most  of 
the  shipbuilders  and  agencies. 

Historically,  the  riveted  or  bolted-on  sheerstrake  was  mentioned 
by  many  respondents  as  a technique  used  in  the  past.  However,  a fairly 
large  number  of  respondents  (about  55  percent)  indicated  that  on  special  con- 
ditions, this  procedure  is  still  used  today.  Nearly  all  of  the  respondents  ad- 
mitted to  the  use  of  careful  design  and  review  procedures  to  avoid  stress  con- 
centrators in  the  deck  details  particularly.  Also,  nearly  alx  the  agencies  and 
shipyards  indicated  that  they  used  generally  tough  materials  in  the  entire  hull 
construe  L ion . 

No  unpublished  experimental  data  on  hulL  crack  arresters  were  un- 
covered as  a result  of  the  survey,  although  most  respondents  were  aware  of  the 
work  that  has  been  done  in  testing  notch-tough  steels  for  their  crack-resistant 
properties . 


2.3.2  Results  of  Foreign  Survey 

A total  of  23  foreign  agencies  and  shipyards  were  contacted  by  letter 
requesting  information  on  crack  arresting  devices.  Japan  was  excluded  from  the 
letter  contact  because  Dr.  K.  Masubushi  visited  the  leading  shipyards,  universities, 
and  steel  companies  there  to  obtain  their  most  current  date . of  those  contacted 
by  letter,  48  percent  responded  in  a fairly  short  time  with  information  regarding 
the  problem  area  of  crack  arresting  devices.  Various  agencie  also  sent  copies 
of  their  publications  related  to  the  problem  area.  At  tal  .even  >*  these 
documents  were  received.  These  documents  were  added  t • lion  >f  material 

used  in  preparing  this  report.  The  seven  documents  »•  « iv.  ! :re  elercnce  Numbers 

17  through  23. 


The  foreign  survey  respondents  were  essentia  in  that 

they  were  using  or  recommending  use  of  notch-tough  t < a n d bv  the 

regulating  agencies  such  as  Lloyd's  Register  anil  .it  r 

One  specific  design  in  Sweden  is  a weak  li-  .terial 

welded  between  the  hull  and  the  heavy  bilge  keel.  is.  intended  to 

prevent  a crack  which  may  start  in  the  higher  str«-  . at  r • the  keel 

from  running  into  the  hull  shell.  This  design  i1  shown  : 
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Another  organization  in  Sweden  has  been  using  the  integral  notch- 
tough  steel  strokes  on  all  their  ships  since  1950.  For  strokes  above  the  water 
line,  they  have  used  nothing  lower  than  Grades  1!  or  EH  steels,  even  though  the 
^ {ossification  society  requirements  may  indicate  that  Grade  D is  acceptable. 

As  a result  of  the  survey  effort  in  Japan,  a number  of  articles  and 
papers  containing  experimental  data  and  theoretical  analysis  were  added  to  the 
data  base.  An  analysis  of  the  more  pertinent  publications  has  indicated  that 
a variety  of  crack  arresting  techniques  have  been  studied  in  Japan.  Recently, 
however,  with  the  downturn  in  the  economy  there,  the  shipbuilding  industry  no 
longer  stimulates  continued  crack  arrester  study  programs.  However,  the  Japanese 
have , until  recently,  been  more  prominent  in  investigating  new  concepts  for  crack 
arresters  than  has  anyone  else  in  the  world. 

The  publications  from  Japan  are  listed  as  Reference  b through  11  and 
through  16.  Five  types  of  crack  arresters  were  examined  with  extensive  experi- 
mental programs  in  that  country. 

The  riveted  seam  is  a crack  arrester  which  is  essentially  no  longer  in 
use  today  because  of  the  scarcity  of  riveters  in  the  industry.  Bolted  strokes 
appear  to  be  somewhat  the  modern  counterpart  of  the  riveted  seam.  These  are 
t used  to  a limited  extent,  as  best  as  can  be  determined.  (Fig.  2.2.1) 

« 

Integral  crack  arresters  are  the  most  common  type  described  in  the 
Japanese  literature.  This  type  of  crack  arrester  uses  a welded-in  strake  of 
no'ch-tough  steel.  The  assumption  on  which  this  concept  is  based  is  that  a crack 
running  into  a panel  of  tougher  material  will  arrest  if  the  toughness  or  the 
panel  width  is  large  enough.  (Fig.  2.2.2) 

The  patch  type  of  crack  arrester  consists  of  a short  strap  of  material 
welded  along  its  short  ends  to  the  ship  hull.  The  welding  shrinkage  creates  a 
compressive  load  in  the  hull  material  under  the  strap.  The  strap  will  experience 
a tensile  load.  The  theory  behind  the  idea  is  that  a crack  will  not  propagate 
through  the  compressive  stress  area  under  the  strap  provided  the  stress  is 
large  enough.  (Fig.  2.2.3) 

Stiffener-type  crack  arresters  were  also  investigated  in  Japan.  The 
r.  stiffener  is  a perpendicular  strip  of  steel  welded  along  the  strake  direction  in 

the  hull.  The  stiffener  on  one  or  both  sides  of  the  base  plate  and  running  through 
the  base  plate  were  all  examined  in  experiments.  Calculations  have  shown  that 
if  the  main  crack  passes  through  the  stiffener,  the  stress  distribution  changes 
and  the  rack  can  be  arrested.  (Ftg.  2.2.4) 

% The  ditch-type  crack  arrester  was  also  investigated.  This  type  is  made- 

reducing  the  base  material  thickness  by  machining  the  groove  along  the  plate. 

The  running  crack  intersects  the  ditch  and  it  is  assumed  that  the  fracture  mode 
changes  at  the  reduced  section  where  a shear  lip  is  produced.  The  effect  of  the 
shear  lip  is  to  increase  the  energy  dissipation  mode  and  change  the  crack 


propagation  direction  to  eventually  arrest  the  crack.  (Fig-  2.2.5) 

These  designs  are,  as  yet,  laboratory  studies.  None  are  currently 
being  used  in  shipbuilding,  except  for  the  integral  type. 
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3.0  CONCEPTS  FOR  ARREST  OF  FAST  FRACTURE 
3.3  ANALYSIS  OF  FRACTURE  ARREST 


Tile  process  of  crack  arrest  in  structures  can  be  discussed  with  LEFM 
(linear  elastic  fracture  mechanics)  concepts  and  parameters (^ ) although  actual 
problems  may  require  more  complicated  elastic-plastic  treatments.  The  LEFM  re- 
cognizes 4 forms  of  energy:  (i)  elastic  strain  energy,  (ii)  kinetic  energy, 

(iii)  work  done  by  applied  forces,  and  (iv)  the  energy  dissipated  by  crack  tip 
flow  and  fracture  processes.  The  first  3 forms  depend  primarily  on  the  crack  . 
length,  the  applied  loads  and  the  geometry  of  the  body  containing  the  crack  and 
are  calculated  by  solving  problems  in  the  mathematical  theory  of  elasticity. 

The  net  change  in  these  3 energies  per  unit  area  of  crack  extension  is  called 
the  energy  release  rate  c/  and  this  is  the  driving  force  for  crack  extension. ^ 

The  rate  of  change  of  the  last  energy  form,  i.e.,  tile  energy  dissipated  per  unit 
area  of  fracture,  is  called  the  fracture  energy,  R,  and  expresses  the  resistance 
to  cracking.'1"!  The  fracture  energy  is  a material  property  essentially  independent 
of  the  geometry  and  applied  loads. ttt 

Crack-extension  criteria  follow  from  the  principle  of  energy  conserva- 
tion, namely,  that  the  energy  release  rate  must  be  balanced  by  the  fracture 
energy.  This  statement  means  that  crack  extension  (growth  of  a stationary 
crack)  or  continued  propagation  of  a moving  crack  are  only  possible  when 


= R 


(3.1-3) 


Equivalently,  no  crack  growth  is  possible  or,  for  a propagating  crack,  arrest 
must  take  place,  when 


stationary  crack 


(2) 


dU  dW 
dA  + dA 


(3.1-1) 


fast  propagating  and 
arresting  crack  (25) 


dU  - dT_  + dW 
dA  dA  dA 


0-1-2) 


where  U is  the  strain  energy,  T the  kinetic  energy,  W the  work  performed 
on  the  structure  by  the  surroundings,  A the  crack  area.  For  the  evalu- 
ation of  ^ for  a fast  propagating  or  arresti-g  crack,  the  terms  lUi , “X 
an(l  must  be  evaluated  from  fully  dynamic  analyses. 


+ + The  fracture  energy  for  the  extension  of  a stationary  crack  is  usually 
referred  to  as  the  critical  energy  release  rate. 


It  Is,  in  fact,  a basic  postulate  of  LEFM  that  all  inelastic  ir- 
reversible energy  dissipation  processes  that  accompany  crack  extension 
can  be  included  in  a single  material  property  that  is  possibly  a 
function  of  the  crack  speed,  but  is  independent  of  the  crack  length, 
the  applied  loads,  and  the  external  geometry  of  the  body.  The  extent 
to  which  this  is  true  really  determines  the  applicability  of  LEFM 
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for  all  values  of  R.  These  criteria,  as  well  as  the  role  of  strain  energy,  and 
kinetic  energy  are  illustrated  schematically  in  Figure  3.1.1  for  the  case  of  .1 
crack  that  is  propagating  in  a structure  under  < ixed  grip  conditions.  In  this 
case,  the  strain  energy  release  rate  - first  increases  with  crack  extension 

dA 

and  then  decreases  when  the  crack  length,  a,  becomes  large  relative  to  the  dimen- 
sions of  the  cracked  member.  Figure  3.1.1  shows  that  the  criterion  for  the  onset 
of  fracture  is  satisfied  when  a = a . At  this  instant,  the  crack  begins  to  ex- 

p 

torn!  rapidly.  The  crack  continues  to  propagate  until  a = a , where  the  criterion 
for  crack  arrest  is  satisfied.  In  the  initial  stage  (the  interval  AB),  the  strain 
energy  release  rate  - 'It  supplies  the  c-ack  driving  force  and  imparts  kinetic 


JA 


energy  to  the  body  (see  shaded  area  in  Figure  3.1.1). 


In  the  latter  stage  (the 
interval  BC)  the  crack  continues  to  propagate  even  though  - ~ is  less  than  R 
by  virtue  of  the  kinetic  energy  recovered  f re-  the  structure .During  this  period 
both  the  strain  energy  release  rate  and  the  kinetic  energy  release  rate,  52 
contribute  to  the  crack  driving  force. 


Detailed  dynamic  calculations  of  this  type  are  available  for  beamlike 
configurations  . The  exampLe  shown  in  Figure  3.1.2a  and  3.1.2b  for  a rectangula 
double-cantilever-beam  (DCB)  test  piece  under  fixed  grip  conditions,  illustrates 
that  about  "5"  of  the  kinetic  energy  imparted  lo  the  specimen  is  returned  to  the 
•rack  tip  under  these  conditions.  This  represents  30?  of  the  energy  spent  in 
fracturing  material  and  produces  a disproportionate  amount  of  crack  extension  be- 
cause kinetic  energy  is  only  parL  of  the  driving  force.  AL  the  same  time,  it 
should  be  noted  that  very  little  kinetic  energy  return  is  anticipated  for  small 
racks  in  Large  bodies  that  approximate  t lie  crack-in-an-  inf  in  itc-body  idealization. 
In  other  words,  the  contribution  of  the  kinetic  energy  release  rate  is  a variable 
that  depends  on  the  geometry  of  the  structure.  There  is  a need  for  dynamic  analyse 
tu.it  de  t ini  the  amount  of  kinetic  energy  return  in  different  classes  of  problems. 


NoLe  that  the  condition  where  exceeds  R is  not  possible  because  it 
would  violate  the  energy  balance  principle.  The  stationary  crack  re- 
lation, inequality  (3.1-4),  it  might  be  pointed  out,  does  not  violate 
the  energy  balance.  The  reason  is  that  in  this  case,  the  crack  growth 
area  corresponds  to  a virtual  crack  extension  only. 


Under  fixed  crip  conditions  — = 0,  and  the  i criteria  reduce 

dA 

following  expressions: 


1 . 

Criterion 

for 

the 

Onset  of  Fracture 

R - 

. dU 

ax 

2 

C r i t e r i on 

for 

the 

Continuation  of 

R 

due. 

IT11 

Fast  Fracture 

JA 

a a 

3. 

Cri terion 

for 

Fra 

cture  Arrest 

R > 

- dU0 

df 

<IA 

cl  A 

to  the 

(i.1-3) 


<*.l -b) 


( 1.1-7) 


dU/dA 


■ Kinetic  energy  imparted  to  test  piece 


Kinetic  energy  returned  to  crack  tip 


x x x x G 

P 


-dU/dA 

dT/dA 


inTfii 


jtX urn 


— x_— x— — 
B c]  X 


(crack 
stable) 
G<  R 


(crack  propagation) 
G = R — 


I (crack 

stable) 
G<  R 


Crack  Length 


FIGURE  3.1.1. 

SCHEMATIC  REPRESENTATION  OF  THE  COMPONENTS  OF  THE  CRACK  DRIVING  FORCE.  ' . 
THE  FRACTURE  RESISTANCE  R AND  CRACK  VELOCITY  V ATTENDING  THE  FRACIURK  OF 
A STRUCTURAL  MEMBER  UNDER  FIXED  GRIP  CONDITIONS.  The  lower  part  >t 
diagram  shows  the  velocity  of  a crack  initially  of  length  a,,.  Cracks 
smaller  than  a0  or  larger  than  ag  cannot  grow  spontaneously  tor  the 
particular  grip  displacement  represented  because  ^ < R.  Such  cracks 
could  grow  slowly  by  fatigue  (under  the  action  of  cyclic  grip  displace- 
ments that  do  not  exceed  the  value  represented)  or  stress  corrosion. 
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The  mass  and  compliance  of  the  loading  • .t  important  factors  which 

enter  the  problem  by  way  of  the  external  work  . Figures  3.1.2a  and 

3.1. 2b,  give  the  results  of  calculations  i.  : ./it  ion  and  arrest  when  the 

grips  are  fixed  and  = o*  These  may  be  ! : ..  t h Figures  3.1.2c  and 

3.1. 2d.  for  rectangular  DCB-test  pieces  whei.  ' . rips  are  not  rigidly  fixed, 
and  possess  the  mass  and  compliance  typical  • i laboratory  loading  system. 

In  this  case,  the  external  work  term  mar  i die  contributions  to  the 

crack  driving  force  causing  the  crack^A  to  :•  i . ..tea  number  of  times.  The 
extent  of  propagation  is  nearly  twice  tin  \;iue  Lained  under  fixed  grip 
condit ions. 

These  concepts  serve  to  dlstingui  . • n the  two  principle  strategies 

for  arresting  a crack  in  a monotonic  strut  iun  Tracks  can  be  stopped  either  by: 

o Increasing  the  fracture  resist  ’ . >r 

o Decreasing  the  crack  driving  force 

in  the  path  of  the  crack.  Two  strategies  .a.  illustrated  in  Figure  3.1.3  for 
a plate  under  essentially  constant  load.  11  . strain  energy  term,  _ _ , increases 
mono  tonical  ly  under  these  conditions  (see  Figure  3.1.3b).  This  means^that  the 
crack  will  not  stop  without  an  arresting  device.  The  crack  can  be  arrested  by 
the  first  strategy  of  inserting  a tough  ire- ter  with  a high  K-value  in  the  path 
of  the  crack  (Figures  3.1.3c  and  3.1.3d).  >;<e  second  strategy  is  implemented  by 

attaching  a stiffener  which  produces  a 1 c A 1 reduction  in  _ (Figures  3.1. 3e 
and  3 . 1 . 3 f ) . In  both  cases  some  kinetic  . nerg”  return  is  shfl&n  schematically 
and  will  affect  the  performance  of  tht  arrester. 

In  principle,  the  rigorous  application  of  these  concepts  to  the  design 

•'  crack  arresters  is  straightforward.  Ehe  • i omponetits  11  ^ ;incj 

dA  ’ dA  ’ ‘ dA 

are  calculated  for  the  structure  and  loading  of  interest.  The  fracture  energy 
or  the  hull  plate  and/or  arrester  plate  arc-  measured  in  the  laboratory.  Together, 
these  quant itites  define  the  width,  spacing  or  cross  section  of  stiffener  or 
energy  absorbing  arresters.  In  practice,  the  task  is  a difficult  one.  Methods 
of  evaluating  the  energy  components  from  dynamic  analyses  (see  Chapter  6)  are 
only  now  being  developed  for  simple  structural  elements  . Their  application 
t'1  the  complex  hull  structures  will  not  be  routine.  For  this  reason,  a number 
o?  simplified  treatments  of  crack  arrest  based  on  static  analyses  have  currency 
and  these  are  reviewed  in  Sections  3.3  and  3.4  of  this  chapter.  The  evaluation 
of  the-  very  large  R-values  required  of  irrester  materials  also  presents  special, 
unresolved  problems  which  are  examined  in  Chapter  3. 
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cr 


Kinetic 

enerqy 

stored 


Pljte  With  Energy  Absorbing  Type  of  Arrester 


KICLRE  3.1.3 


Piate  With  Stiffener  Type  of  Arrester 


LaAMPLF.S  OF  THE  PRINCIPAL  STRATEGIES  FOR  PROMOTING  CRACK  ARREST : (a)  ordin.irv 

under  constant  load  and  no  arrester),  (b)  plate  with  arrester  wh  i > 1 in- 
creases fracture  resistance  R in  the  path  of  the  crack,  and  (c)  plate  with 


a stiffener 
the  path  of 
energies  of 


tvpe  of  .trrcstcr  which  reduces  the  strain  energy  release  rate 
the  crack.  The  quantities  R and  R refer  to  the  fraeturi 
the  base  plat*  and  arrester  plates,  respectively. 


in 


3.2  CRACK  ARREST  MATERIA!.  PROPERTIES 

i 

Tilt;  treatment  of  crack  arrest  is  further  complicated  by  tiie  variation 
°*  c i'f  rac ture  energy  K with  crack  velocity  and  plate  thickness.  Kftis  and 
Krait  -4  have  deduced  R-values  from  the  Barton  and  Hall  wide  plate,  ship 
steel  experiments.  Their  results,  which  reflect  low  energy  cleavage  fractures 
below  the  nil  ductility  temperature  (NDT) , indicate  that  R-values  V irst  decrease 
with  increasing  velocity,  display  a minimum  at  a finite  velocity,  and  then  in- 
crease dramatically  for  crack  velocities  in  excess  of  600  ms.  Recent  results 
for  low  energy  fibrous  fractures  in  AlSl  4140  steel  are  reproduced  in  Figure 
l.-’.lc.  Here  the  fracture  energy  Increases  mono t on ica  1 1 y with  crack  velocity. 
Since  tough  arrester  materials  also  display  the  fibrous  mode,  it  is  possible 
that  t he i r minimum  fracture  energy  values  will  also  be  observed  at  zero  velo- 
city. 

Rigorous  calculations  of  fracture  arrest  must  take  into  account  the 
variation  of  R with  velocity  and  an  arrest  criterion  based  on  the  minimum  frac- 
ture energy  R . (see  Figure  3.2.1a): 


t 


< R . 


min 


(3.2-1) 


It  therefore  becomes  necessary  to  distinguish  among  several  different  values  H 

of  the  fracture  energy  (and  their  equivalent  fracture  toughness  values). 

Symbols  and  definitions  of  different  quantities  employed  here  and  abroad  are  ]1 

listed  in  Table  3.2.1.  Note  that  the  criteria  for  crack  extension  can  also  hi 
expressed  in  terms  of  the  stress  intensity  parameter  K and  various  fracture 
toughness  parameters  as  explained  in  the  footnote  to  Table  3.2.1: 


* 


X\ 


criterion  for 
extension 

onset  of  crack 

K = K 

c 

(3.2-2) 

criterion  for 
propagation 

cont inu ing 

K - Kj, 

(3.2-3) 

criterion  for 

crack  arrest 

K ■ K, 

(3.2-4) 

D.min 

itie  subscript  I (i.e.,  ^ , K ) is  introduced  to  distinguish  energy 

and  toughness  values  measured  when  the  crack-tip  plastic  flow  is  predominantly 
plane  strain  as  opposed  to  so-called  "plane-stress"  values  which  reflect  si  ai 
f leant  amounts  of  through-the-thickness  deformation.  The  plane  strain  values  arc 
Independent  of  thickness  while  full  shear  (plane  stress)  values  of  tough  materials 
display  a modest  thickness  dependence  K tn,  where  t is  the  thickness  and 
0.25  n < 1.0  33_:;6  . 

* According  to  ASTM  K399,  plane  strain  is  obtained  when  the  plate  thickness 
t _'2.  Kjc  j where  is  the  yield  stress.  A similar  expression  ran  be 

expected  to  apply  to  fast  running  cracks  provided  r„is  interpreted  as 
the  dynamic  yield  stress. 
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TABLE  1.2.1.  SUMMARY  OF  FRACTURE  ENERGY  AND  EQUIVALENT  FRACTURE 
TOUGHNESS+  VALUES  RELATED  TO  THE  CRACK  ARREST 
PROBLEM 


DEFINITION 

FRACTURE  ENERGY^ 

FRACTURE  TOUGHNESS (b^ 

1.0 

The  fracture  energy  and  toughness 
at  the  onset  of  unstable  crack 

extension  ana  tor  essent:  lly 
zero  crack  velocity 

1.1  Values  corresponding  to 
slow  luading  rates 

+C 

K 

c 

1.2  Values  for  high  loading 
rates 

"’d 

Kd 

7.0 

The  minimum  fracture  energy  and 
toughness 

2.1  Values  derived  f:om 
dynamic  analyses 

R . 
mm 

K_  . 
D,min 

2.2  Estimates  derived  from 
static  analyses  of  an 
arrested  crack 

^ a 

K 

a 

2.3  Japanese  practice  for 
estimates  from  static- 
analysis^  ) 

K 

c 

3.0 

The  fracture  energy  and  toughness 
at  an  arbitrary  crack  velocity 

% 

kd 

The  fracture  energy  of  an  extending  crack  (i.e.  , R . , R,  # , etc.) 

is  related  to  a corresponding  fracture  toughness  parameter  (i.e.'?  K , 
KD,min’  KD>  Ka ’ etc-)  by  the  expression  K = A1 /2 (V) (E  vstt 1 -172 j I /2  wh|re 
!S  a function  of  crack  velocity  that  depends  on  C,  , C-  and  C and 
Al/  (V)  - 1 when  V=0,  1 a’/2(V)  < 1.1  for  0 < V < 1500  ms'l  forr 

steel.  27,19 

(a)  Common  units:  in  lbs/in2  = 1.75  J/m2. 

(b)  Common  units:  Ksi  7 In  * 1.1  MN/m  ' = 1.10  MCA  = 3.54  Kg/mmi/2. 

fc)  In  all  but  the  more  recent  .'Jpanese  technical  papery  the  quantities  # 

and  K are  s«  defined  that  = t and  K = 1 J K . c 

c a c a v c 


1 he  quant  1 Lies* 
by  Kraft  and  Irwin 


and  K 
d 37  d 


in  Table  3.2.1  have  been  related  to  R 


These  workers  propose  t?\a 


and 
nun  t 
Fiat  the 


i'  min  11 

ra«  k-t  ij)  stress,  strain,  and  strain-rate  environment  of  a rapidly  loaded  stationar 
crack  and  a propagating  crack,  and  the  fracture  energy  in  these  two  cases  are 
the  same  provided  the  stress  rate  K and  the  crack  velocity  V are  comparable: 


,00  = R (V) 


A simple  elastic  argument  suggests  that  the  stress  rates  K = 105  MNm_3^2£ 

7 MNm  . 


to  JO'  MNm 


are  comparable  to  the  crack  velocities  of  V = 1 


corresponding  to  R . . Accordingly,  the 


-values  measured  at  these 


high  rates  of  loading  are  a measure  of  R . . Results  in  Figure  3.2.2  lend 
some  support  t.o  this  concept  which  Ls  not  well  established. 


.3  iHE  STATIC,  ARREST  TOUGHNESS  , K ) ANALYSIS 

a a 

Irwin  and  Wells  ^ and  Crosley  and  Ripling  have  proposed 

a simplified  treatment  of  crack  arrest.  Their  approach  embodies  the  same  basic 
crack  arrest  criterion,  i.e.,«?c  R . , but  approximates  the  driving  force  fur  con- 
tinued crack  propagation  with  the  va¥ue  appropriate  for  a stationary  crack  of  the 
same  length.  The  statically  evaluated  energy  release  rate  at  arrest,  ^ , is  taken 
as  a lose  approximation  of  R . , and  the  criterion  for  crack  arrest  given  in  Ee.ua- 
tion  (3.2-L)  reduces  to: 


dU  dW 
dA  dA 


(3.3-1) 


K > K 
a 


(3.3-2) 


* 


% 

: * 


where  K.  and  K are  the  corresponding  stress-intensity  parameters  and  K is 
called  the  arrest  toughness.  a 

According  to  the  static  arrest  theory,*^  or  K are  geometry  in- 
dependent properties  of  material  that  coincide  with  the  valueaof  or  K at  the 
point  of  crack  arrest.  This  concept  appears  to  be  valid  in  some  cases.  For 
example,  Crosley  and  Ripling  ^ find  that  values  of  reactor  grade  A533B 

steel  ire  independent  of  the  crack  jump  distance  in  a contoured  DCB  specimen 
(see  i igure  3.3.1).  They  also  report  th.it  cracks  initiated  in  brittle  weldments 
inserted  in  single-edge-notched  (SEN)  test  pieces  of  the  same  material  arrest 
at  the  same  value  of  Kj  . 5 Studies  of  various  stiffener  type  of  arresters 

by  Yoshiki,  Kanazawa  and  Machida  in  Japan  also  lend  support  to  the  statii-K 

appro  .v I . As  shown  in  Figure  3.3.2,  predictions  of  arrest  based  on  K measurements 
(referred  to  as  K in  Japan)  and  statically  calculated  K values  were  found  to  be 
in  good  agreement  with  experiment. 


A533  Gr.  B Class  1 Plate 
Steel  Plate  12"  Thick (HSST  Plate  02) 


K ksl  /inch/second 


FIGURE  3.2.2 


COMPARISON'  OF  KId -MEASUREMENTS  OF  SHABBTTS  ' ' WITH  Kj a-MEASURE - 
MENTS  BY  CROSLEY  AND  RIFLING  41  , BOTH  ON  A533B  STEEL.  The*  graph 
shows  that  5.10-*),  obtained  by  extrapolation  correlate  to 
some  degree  with  Kja-values. 


K 3.3.1.  INFLUENCE  OF  THE  CRACK 
JUMP  DISTANCE  ON  THE  ARREST  TOUGH 
NESS,  KIa , OF  A 5 3 3 B STEEL  AFTER 
CROSLEY  AND  RIPLING  * 1 . 
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FIGURE  3.3.2. 
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(c)  Riveted  Stiffener  Type 


COMPARISON  OF  EXPERIMENTAL  RESULTS  FOR  STIFFENER-TYPES  OF  CRACK  ARRESTERS 
.11  Til  PREDICTIONS  FROM  THE  STATIC  ANALYSIS  AFTER  YOSHIKI,  ET  AL  47  : (a) 

welded  notch  tvpe  stiffener,  and  (b)  and  (c)  riveted  stiffeners. 


At  the  same  time,  there  is  a growing  body  of  t-videm  v showing  that 
the  static  analysis  of  arrest  is  not  generally  valid.  !>vnami<  al<  illa- 
tions show  that  by  neglecting  the  kinetic  energy  term  both  the 


driving  force, , and  R . are  undervalued  by  static  analysis.  Results  pre- 
sented in  Table  3. 3. 1 ,miT lustrated  that  the  ratio  K_If* (which  should  be  in- 

KD»fnin 

variant  and  close  to  unity  if  the  static  theory  is  valid)  actually  depend  on 

the  loading  system  and  on  the  geometry.  For  this  reason,  the  errors  contained 

in  a static  analysis  of  arrest  in  a structure  may  or  may  not  be  compensated 

for  by  the  discrepancy  between  & and  R . . 

a min 


APPLICATIONS  OF  THE  STATIC  TOUGHNESS  ARREST  APPROACH  AS  USED  IN 
JAPAN 


Serious  difficulties  of  the  type  described  in  Section  3.3  have,  in 
fact,  been  encountered  in  the  more  recent  analyses  of  large-scale  ship-plate 
arrester  model  tests  performed  in  Japan  m As  shown  in  Figure  3.4.1,  ar- 

rest was  observed  in  the  models  even  though  the  statically  calculated  K values 
were  twice  K . Japanese  workers  believe  that  the  discrepancy  can  be  traced 
to  dynamic  features  attending  the  propagation  of  long  cracks  which  invalidate 
the  static  analyses.  We  believe  the  discrepancy  may  also  he  connected  with 
their  imprecise  treatment  of  the  loading  system  (the  — term)  and  with  their 
measurements.  The  Japanese  investigators  have  dealt  with  this  problem  by 
postulating  an  effective  crack  length  and  effective  stress  intensity. 


= 0.1  a + 190  mm 


Keff  = 0 ^eff 


which  contains  an  empirical  correction  designed  to  lower  calculated  K values  to 
the  K levels  at  arrest.  Figure  3.4.1  illustrates  that  the  correction  is 
reasonably  successful  when  applied  to  the  experiments  from  which  it  was  derived. 
However,  the  general  applicability  of  this  correction  (e.g.,  its  application  to 
the  stiffener  experiments  in  Figure  3.3.2  which  can  be  explained  without  a 
correction)  is  open  to  question. 


3.3  FRACTURE  ARREST  APPROACH  AS  USED  IN  AIRCRAFT  STRUCTURES 


The  riveted  skin-stringer  design  of  many  aircraft  structures  is 
basically  a crack-arrest  structure.  Aircraft  are  presently  designed  to  arrest 
a two-bay  crack;  i.e.,  a track  originating  at  a stringer  is  to  be  arrested  at 
the  two  adjacent  stringtrs.  The  Air  Force  has  recently  issued  Mll-A-83444, 
"Ail  i » imagi  ; ileran  e Design  Requirements",  in  which  this  arrest  require- 
ment is  formalized. 
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TABLE  i-3.1  . COMPUTATION!  RESULTS  FOR  CRACK  ARREST  IS  THE 
DCK  SPEC IM!.::  FOR  VARIOUS  DIFFERENT  GEOMETRIES 
AND  IN n I A I SIRE  ' INTENSITY  FACTORS  48 
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FIO’RK  . • . I . COMPARISONS  OF  E/. PER IMENTAL  RESULTS  FOR  LARGE,  WELDED-TYPE,  ENERGT 
\,{ SORBING  CRACK  ARRESTER  MODELS  WITH  CALCULATIONS  BASED  ON  THE 
ST A TIC  \NALYSIS  AFTER  KIHARA , ET  AL  7 : (a)  lest  piece 

c »m  f i eurnt  ion,  (b)-(d)  results  for  different  materials. 
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So  far,  tin.-  -t.it  i . analysis  of  arresters  has  proven  satisfactory  for 
aircraft  structures*  because  t,  ! ) fast  crack  growth  in  aluminum  alloys  is  still 
relatively  slow  (in  the  order  of  >00  ft/sec)  and  (2)  thin  aluminum  plates  show 
an  increasing  crack  resistance  . . the  - r.n  k extends.  Nevertheless,  MIL-A-83444 
prescribes  that  a safety  margin  ot  13  percent  should  he  taken  on  the  static 
analysis  to  account  for  possible  dvn.  mic  effects. 

Analysis  methods  for  stringer-skin  configurations  have  been  developed 
by  Romuald  i,  et  al  ^ , Poe  , "lieger  ^ w , and  Swift  and  Wang  . 

Both  finite-element  methods  and  c 1 ose  i-f«*rin  solutions  can  be  used.  The  basic 
procedure  is  outlined  in  Figure  3.3.1.  The  stiffened  panel  is  split  into  its 
composite  parts.  Load  transmission  takes  place  through  the  fasteners.  As  a 
result,  the  skin  will  exert  forces  F.,  H?,  etc.,  on  the  stringer,  and  the  stringer 
will  exert  reaction  forces  Fj , F,,  etc., “on  the  skin.  This  is  depicted  in 
the  upper  line  of  Figure  3.5.1. 

The  three  cases  have  to  be  analyzed  separately.  Compatibility  requires 
equal  displacements  in  sheet  and  stringer  at  the  corresponding  fastener  locations. 
These  compatibility  requirements  deliver  a set  of  n (n  is  number  of  fasteners) 
independent  algebraic  equations,  which  can  be  solved  numerically  to  derive  the 
fastener  forces.  According  to  Swift  ^ , 15  fasteners  at  either  side  of  the 
crack  need  to  be  included  to  give  a consistent  result.  A proper  analysis  includes 
the  effects  of  (1)  stiffener  yielding  and  bending,  (2)  fastener  yielding,  and 
(3)  fastener-hole  deformation. 

For  the  arrest  analysis  J ^ , consider  a skin-stringer  combination  as 
in  Figure  3.5.2  (top).  The  displacements  of  adjacent  points  in  skin  and  stringer 
will  be  equal.  Let  a transverse  crack  develop  in  the  skin.  This  will  cause 
larger  displacements  in  the  skin,  which  has  to  be  followed  by  the  stringers.  As 
a result,  they  take  on  load  from  the  skin,  thus  decreasing  the  skin  stress  at 
the  expense  of  higher  stringer  stress.  Consequently,  the  displacements  in  the 
cracked  skin  will  be  smaller  than  in  an  unstiffened  plate  with  the  same  size  of 
crack.  This  implies  that  the  stresses  in  the  stiffened  plate  are  lower  and 
that  the  stress  intensity  is  lower.  The  closer  the  crack  tip  is  to  the  stringer, 
the  larger  the  load-sharing  effect. 

If  the  stress  intensity  for  a central  crack  in  an  unstiffened  plate 
is  K — Oa/TT  a,  then  the  stress  intensity  for  the  stiffened  plate  is  K = {3c\Tra. 

The  reduction  factor, £ , becomes  smaller  when  the  crack  approaches  the  stringer. 
Since  the  stringers  take  load  from  the  skin,  their  stress  will  increase  from  3- 
to  L ',  where  I,  increases  when  the  crack  approaches  the  stringer.  Obviously, 

0 < 6 1 and  L >_  1 . Their  values  depend  upon  stiffening  ratio,  fastener  stiffness, 
and  crack  size.  For  a qualitative  discussion,  it  may  suffice  to  let  . and  L vary 
as  in  Figure  3.5.2. 

Now  the  arrest  diagram  for  a simple  panel  with  two  stringers  and  a 
central  crack  can  be  constructed.  Fast  crack  extension  in  an  unstiffened  plate 
will  take  place  at  1 stress  given  bv  c = K /vrra,  represented  by  the  lower  line 
in  Figure  3.5.3.  For  the  stiffened  panel,  the  stress  for  fast  crack  growth  can 
be  calculated  as  = Kc/P  A1  a . Knowing  p from  the  static  analysis.,  can 
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be  calculated.  It  varies  with  crack  size  as  shown  in  Figure  3.5.3.  Since 
decreases  if  the  crack  approaches  the  stringer,  the  curve  turns  upwards  for 
crack  sizes  in  the  order  of  the  stringer  spacing. 

The  possibility  of  fastener  failure  and  stringer  failure  should  be  con- 
sidered also.  Here,  only  stringer  failure  will  be  discussed.  The  stringer  will 
fail  when  its  stress  reaches  the  ultimate  tensile  stress,  o of  the  stringer 
material.  As  the  stringer  stress  is  Lq , where  o is  the  nominal  stress  in  the 
panel  away  from  the  crack,  stringer  failure  will  occur  at  a .j-  given  by  L-  ^ ( . 

Using  L as  depicted  in  Figure  3.5.2,  the  panel  stress  at  which  stringer  failure 
occurs  is  given  in  Figure  3.5.3. 


Now  consider  a crack  of  size  aj . At  a stress  ai  fast  crack  growth  occurs 
(point  A).  It  will  run  to  point  B where  it  is  arrested  (because  K will  be  lower 
than  K again).  Further  increase  of  the  stress  will  cause  the  crack  to  propagate 
in  a stable  manner  to  C,  where  again  fast  fracture  would  occur  at  a stress  o . 

If  the  crack  size  is  a2  , a stress  <i2is  required  for  fast  crack  growth.  Arrest 
will  not  occur  because  > c . 

It  has  been  outlined  that  6 and  L depend  upon  stiffening  ratio.  This 
implies  that  the  diagram  of  Figure  3.5.3  is  not  unique,  it  shows  the  case 
where  plate  failure  is  the  critical  event.  In  other  cases,  stringer  failure 
may  be  critical;  this  is  so  when  the  stringers  are  relatively  small  in  section 
as  compared  to  the  bay  sectional  area.  This  is  depicted  in  Figure  3.5.4.  A 
crack  of  size  a becomes  unstable  at  a stress  it  will  run  to  point  D where 

the  stringer  will  fail.  Hence,  it  will  not  be  arrested.  The  highest  stress  for 
arrest, o , is  now  determined  by  point  E as  shown. 


Many  large  panel  experimental  data  are  available  to  show  the  adequacy 
of  the  analysis  procedure  for  aircraft  structures.  Some  test  data  by  Vlieger  *^,53 
are  shown  in  Figure  3.5.4.  The  test  data  confirm  the  predicted  behavior.  In 
case  of  a short  crack  fracture,  instability  occurs  at  a stress  too  high  for  crack 
arrest  at  the  stringer.  Longer  initial  cracks  showed  some  slow  crack  growth  and 
then  sudden  fast  crack  growth.  Crack  arrest  occurred  at  the  stringer,  after 
which  the  panel  could  be  loaded  to  a (horizontal  level)  where  final  failure  oc- 
curred . 


3.6  DYNAMIC  ANALYSIS  OF  CRACK  PROPAGATION  AND  CRACK  ARREST 


The  problem  of  arresting  a rapidly  propagating  crack  is  of  great  con- 
cern in  several  different  kinds  of  engineering  structures.  These  have  in  common 
the  feature  that  unchecked  unstable  crack  growth  would  have  catastrophic  con- 
sequences. They  include  aircraft  (as  discussed  in  the  preceding  section), 
nuclear  pressure  vessels,  bridges,  and  gas  transmission  pipelineSjin  addition 
to  ship  hulls. 

There  is  currently  no  universally  accepted  theoretically-based  design 
approach  to  ensure  crack  arrest.  A static  approach,  or,  what  amounts  to  the 
same  thing,  the  "arrest  toughness"  or  K^  approach,  is  almost  universally  employed. 
This  approach  Is  based  on  the  Idea  that  crack  arrest  is  just  the  reverse  of 
crack-growth  initiation.  However,  there  is  a body  of  experimental  results 
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together  with  ,i  rigorous  energy-based  method  of  analysis  that  ha.,  shown  that 
crack  .irr«  st  i?  a J n.inii  process  that  must  be  treated  within  t he  context  of 
dynamic  i rac  ture- m.  hanics  theory.  This  work,  originated  at  Ba ; t J ! <■  with  pr  >r 
Ship  Structure  Committee  support  ^ tnd  continued  on  behaii  of  other 


agent les 
inc  1 ude 


Ludes  several  generalization:  of  the 


H ' • 


• A kinetic  energy  contribution 

• inertia  effects 

• Dependence  >f  fracture  toughness  on  crack  speed. 

The  primary  purpose-  of  this  section  of  the  report  is  to  demonstrate  that  . i - 
ically  based  analyses  can  dangerously  overestimate  the  anacit  f stricture 
to  arrest  a rapidly  propagating  crack.  It  will  further  be  -.1km  ; hat  even 

analyses  taking  full  account  of  tlie  essential  aspects  of  dyn...  . fracture 
mechanics  can  still  be  inadequate  for  predictin’  crack  arrest  : -u  • t i u : j'  » 

features  of  the  problem  ire  neglected.  In  particular,  the  otherwise  admirable 
analyses  of  Freund  cannot  cope  with  stress  waves  reflected  back  ti  the 

propagating  crack  tip  from  the  specimen  boundaries.  This  feature  is  not  only 
important  for  experimental  work  carried  out  using  small  laboratory  size  test 
specimens,  but  would  also  be  important  in  analyzing  crack  arrest  devices. 


Large-scale  numerical  computations  are  beyond  the  scope  of  the  worn  re- 
ported here.  This  precludes  complete  anal  si  ; oi  the  various  indidati  irre  tei 
systems.  Nevertheless,  if  is  important  to  have  some  quantitative  evidence  on  the 
dynamic  amplification  of  the  crack  driving  force.  This  must  be  done  in  order  to 
convincingly  demonstrate  the  fact  that  static  analyses  of  (.  rack  arrest  _can  signi- 
ficantly overestimate  the  capabil ity  ystem  to  arrest  i rapidl  pro] 

crack.  To  a<  :omplish  this  , some  calculations  were  made  with  an  existing  computer 
model  that  was  developed  on  an  earlier  Ship  Structure  Committee  program  to  analyze 
crack  propagation  and  crack  arrest  in  the  double  cantilever  bean.  (DCS)  Lest  speci- 
men -*7  . While  hardly  representative  of  most  engineering  struc  tures,  the  DCB 
specimen  geometry  does  lend  itself  to  performing  dynamic  crack  propagation- 
arrest  analyses.  Such  analyses  currently  cannot  be  made  for  actual  structures 
without  performing  large-system  numerical  computations.  Hence,  for  the  purposes 
of  this  report,  the  existing  DCB  analysis  model  was  a natural  vehicle,  if  not 
the  only  possible  one,  to  demonstrate  the  differences  between  static  and  fully 
dynamic  fracture  mechanics  concepts  to  evaluate  crack  arrester  systems. 


In  this  section  of  the  report,  the  governing  equations  for  the  DCB 
specimen  dynamic  analysis  procedure  are  first  outlined.  Next,  a brief  descrip- 
tion of  the  alternative  approaches  is  given  where  it  is  shown  that,  for  crack 
arrest  predictions,  the  conventional  quasi-static  approaches  can  be  represented 
within  the  confines  of  i "quasi-dynamic"  approach.  Finally,  some  sample  cal- 
culations are  performed  to  contrast  the  quasi-dvnamic  and  fully  dynamic  predictions 
for  crack  propagation  and  arrest  in  DCB  specimens.  This  will  set  the  stage  for 
the  analyses  reported  in  Section  6 on  the  various  types  of  ship-hull  crack  ar- 
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In  the  above  equations,  £.  (;  . , 

Poisson's  ratio,  and 


ponents; 


XV ’ xz’ 


1 r 1 ! r ■ 


’K  n,odulus'  the  Shear  modulus, 
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M 0 


w = x U uz  dydz 


(3.6-5) 


1 1.  rotat  ion  r = i (x)  is 


, ft  zu  dydz 
I ' A-  x 


(3.6-b) 


ir  ing  tori  e S = S (x)  is 


S = ' . dydz 

J AJ  xz 


(3.6-7) 


liu-  bonding  moment  M = M(x)  is 


M = I za  dvdz 
'A'  x 


(3.6-8) 


By  Operating  on  Equations  (3.6-1)  through  (3.6-4)  by  J f dydz  and  using  Equations 
(3.6-5)  through  (3.6-8),  after  some  manipulation,  the  equations  of  motion  for  the 
DCB  specimen  in  terms  of  the  cross-sectionally  averaged  variables  are  found  to  be 
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where  I is  the  moment  of  inertia,  k and  k , respectively,  represent  the  ex- 

tensional  force  and  bending  transmitted  across  the  crack  plane,  and  is  a 

constant  which  depends  on  the  shape  of  the  cross  section  and  on  Poisson's  ratio. 

Of  course,  k = k =0  where  the  specimen  is  cracked,  but  are  functions  of  tin. 
e r 

specimen  geometry  and  elastic  properties  otherwise. 

Now  considering  that  A and  I are  functions  of  x and  eliminating  M 
and  S from  Equations  (3.6-9)  through  (3.6-12),  it  is  found  that 


and 


II 

'Jl 


k w 
e 


A 

2 


(3.6-13) 


3 

.'X 


El 


ill 

X I 


k : 


r 


+ 


kGA 


j jw 

I JX 


I 

\ 
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specializing  to  a rectanguiar  cross  section  allows  the  toliowing  relations  to  be 
introduced 
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b(x)  is  the  specimen  tliick- 
Substituting  the  above  re- 


wliere  h = h(x)  is  tin'  liai i — in*  i -.;Fit  oi  tlu*  specimen,  b 
ness,  and,  as  above,  \ ■ = F (x)  is  the  elastic  modulus, 
lations  into  Equations  (3.6-13)  tlirough  (3.6-14)  and  introducing  t Fie  Heaviside 
£ 1 1 de  1 i m 1 t < tion  of  the  crack  tip  (i.e.,  x * a),  tin- 

equations  of  motion  tor  i rectangular  UCB  specimen  whose  geometry  and  elastic 
properties  vary  continuously  along  its  axis  are  found  to  be 
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(3.6-16) 


In  Equation  (3.6-15),  terms  typified  by  F.  5 (x-X  ) , where  1 is  a Dirac  delta  func- 
tion,  are  inserted  to  represent  in  external  tone  (pet  unit  lengtli)  exerted  at 
the  point  x - X^.  liiis  makes  it  possible  to  treat  the  effect  of  stiffener— type 
arrest  devices,  for  example.  Note  tFie  forces  are  taken  to  be  positive  in  tFie 
direction  of  positive  w. 

TFie  situation  of  most  interest  here  is  that  in  which  E,  h,  and  b are 
all  constants.  Equations  (3.6-1S)  and  (3.6-16)  can  then  be  written  as 


+ h H (x-a)  w = —■  — ' - ' F.  • (x-X.) 

h-  C-  -t  Ebh  i = l J J 

n J 


(3. 


i- 1 8 i 


I !' < i son's  ratio  of  v = 0.27  in  this  work.  This  enters  the 
equations  or  motion  vi  . the  parameter  r.  In  particular,  it  is  found  that 
' CA  - Ebh/  3. 


i xpressions  i or  the  strain  energy  and  the  kinet  ic  energy  of  the  ,sv»- 
■ ■ ' 1 ■ ’ 1 : of  the  va riables  intrc >du<  < re.  ( hn itt i ng  th< 

details,  tin  resulting  expression  tor  the  strain  energy  U is 


'■  * ik-t  ( \)  + ~ - y)  +f. 

o 

4 [k^w  + k^  ]j  dx 


(3.6-19; 


while  the  kinetic  energy  f is 


/I  a (|f)  + ■ 1 ! ;[• ) I dx 


(3.6-20) 


where  ! Is  the  . vera ! 1 length  of  the  specimen. 

i fie  most  important  use  of  the  strain  and  kinetic  energy  expressions 
Is  in  ctfet ermining  Ltie  track  driving  force.  This  is  done  through  the  definition 
ol  the  dynamic  energy  release  rate  <c  in  terms  of  an  energy  balance  for  the 
system.  "Jhis  is  given  hy 


l I de.'  dg  _ uT 

b *da  da  da 


(3.6-21) 


••h-’ie  .•  tit'  .1/1  r’.  done  by  external  loadings.  Hy  substituting  Equations 
1 »)  nd  C6-20)  ; < (3.(  21),  it  is  found  that  ^ can  be  given  a "ett 

tip'  interpretation.  This  is 


(3.6-22) 


x=a ( t ) 


where,  it  should  be  emphasized,  the  bracketed  quantity  is  to  be  evaluated  at 
the  axial  position  representing  the  current  crack  tip.  This  is  not  only  a much 
more  . ii"e,uent  ' iy  in  which  to  compute  » , i.e.,  in  comparison  to  Equation  (3.6-12), 
but  i/s  il  mor.  physica  1 lv  satisfying  as  well. 

‘He  1 'licit  ion  under  which  crack  propagation  can  occur  is  that  a balance 
exists  hf two  n the  energy  "released"  from  the  structure  as  the  crack  extends  by 
an  line  rente. 1 1 aiui  the  ertt-tgy  absorption  requirement  of  the  material  that  is  as- 
sociated with  'hit  growth  increment.  A quantitative  statement  of  the  energy  balance 
tor  crack  propagation  is 


(a  , t)  = R(a) 


(3.6-23) 
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c»  « dynamic  energy-relt  tse  r u-  (or  i-rad' -driving  force)*/  , as  i an  be 

••  ..  i quat  i -n  (3.6-32),  is  .1  function  of  crack-tip  position  and  time  while 

: «.tu  t dissipation  rate  is  a material  property  that  can  at  most  be  a 

lun*  : i.»n  of  . rack  speed.  Note  that  the  units  of  . and  are  energy  per  unit 
lie. 1 or  crack  advance. 

Figure  3.6.1  illustrates  how  the  dynamic  crack- propagation  criterion 
• iveu  / Equation  (3.6-23)  is  implemented.  In  Figure  3.6.1(a),  the  hypothetical 
in  k speed  is  calculated  on  the  basis  that,  if  an  increment  of  crack  growth 
.re  u st cur  at  some  time  following  the  last  previous  growth  increment,  the 
ictus i speed  would  be  in  inverse  proportion  to  the  time.  For  a specified  energy- 
dissipation  rate  ji'  that  is  a function  of  crack  speed,  the  crack  tip's  energy 
. <; u i foment  is  then  known  once  the  hypothetical  speed  is  determined.  This  is 
sown  is  the  decreasing  curve  in  Figure  3.6.1(h).  A typical  computational  re- 
i!r  :’i  r the  crack-driving  force,  as  obtained  from  Equation  (3.6-22),  is  also 
wn . ..'sere  these  two  curves  intersect  crack  growth  occurs  (i.e.,  where 

dote  that  this  kind  of  calculation  can  be  performed  for  any  specific 
kind  c:  ' = ft  (a)  dependence  including  the  simplest:  ft  = ^ = constant. 

'.6.2  Get nyr.  1 1_  Appn caches  to  Crack 
I'rojK igat ion  md  Crack  Arrest 


The  arrest  of  a rapidly  propagating  crack  in  a structure  under  load 
nsideied  on  several  different  levels  of  complexity.  Starting  from 
the  . 1 . ; ■ 1 rst  (and  least  accurate)  and  continuing  with  more  complicated  (but 
urate)  approaches,  the  various  types  can  be  classified  as  either 

• Completely  static 

• Quasi -static 

• Ouasi-dynamic 

• Fully  dynamic. 

. ...  primary  distinction  that  differentiates  between  static  and  dynamic  jpproaches 
Is  tli.’  inertia  terms  and  the  contribution  of  kinetic  enery  to  the  crack-driving 
t r 1 r i excluded  in  the  former  but  not  the  latter.  Physically,  this  means 

theories  are  Limited  to  situations  where  (1)  the  crack  propagates 
sc  w!  . 1 n d (2)  changes  its  speed  only  gradually.  As  the  extensive  work  done  at 
i ! . and  other  institutions  has  shown,  the  arrest  of  rapid  crack  propagation 
occur  rather  abruptly.  This  alone  indicates  that  statically  based 
r . is  must  be  applied  to  crack  arrest  with  due  caution.  Quantitative  re- 
lit-. reinforcing  this  idea  can  be  produced  too,  as  shown  in  the  next  section 
this  report . 

The  distinction  between  the  two  dynamic  analysis  procedures  lies  in 
i'  liar  specialization  that  is  involved  for  simplification.  The  quasi- 
u treatments  referred  to  above  are  those  obtained  by  considering  the  strut - 
t'  bt  an  infinite  elastic  medium.  Hence,  in  these  approaches,  the  effect 
ess  waves  reflected  back  to  the  propagating  crack  tip  from  the  boundaries 
structure  and/or  from  internal  load  points  and  discontinuities  (e.g., 

■.  t Lded-on  >tiffr.ers)  must  be  neglected.  These  effects  can  be  taken  into  account 
in  t 11  . dynamic  analysis,  albeit  at  the  expense  of  specializing  the  structural 
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geometry  under  consideration  (e.g.,  as  in  the  DCB  analysis  described  above). 
Nevertheless,  in  considering  crack  arrester  systems,  a fully  dynamic  analysis 
procedure  is  obviously  called  fur,  at  least  in  the  preliminary  stages  of  the 
analysis. 

It  is  a fact  that  the  arrest  point  determined  from  either  a static, 
a quasi-static,  and  quasi-dynamic  treatments  will  always  be  closely  related 
and,  in  some  cases,  will  be  exactly  the  same.  Consequently,  for  the  purposes 
of  this  report,  it  will  suffice  to  describe  the  most  accurate  of  these  (the 
quasi-dynamic)  with  a view  towards  contrasting  its  crack  arrest  predictions 
with  those  of  a fully  dynamic  calculation. 

A very  elegant  analyses  of  the  propagation  of  a semi-infinite  crack 
in  an  infinite  medium  is  that  given  by  Freund.  27,68,69  Using  a Utpiace  trans. 

form  in  conjunction  with  the  Wiener-Hopf  Technique,  Freund  has  solved  the  equa- 
tions of  motion  for  a half-plane  crack  propagating  in  an  unbounded  medium  for 
a fairly  unrestricted  class  of  crack  motion.  A key  result  of  the  analysis 
relates  the  dynamic  stress  intensity  factor  K,  a function  of  crack  length  a. 
and  speed  a,  to  the  product  of  the  static  intensity  factor  K and  a universal 
function  of  crack  speed  k(a)  according  to 


K (a, a)  = k(a)  K (a)  . (3.6-24) 

s 


1 he  geometry' independent  function  k,  which  must  be  computed  numerically,  de- 
creases monotonically  from  unity  at  zero  crack  speed  to  zero  at  the  Rayleigh 
velocity  C_. 

A second  key  result  obtained  by  Freund  is  one  that  relates  the  dynamic 
energy  release  rate  to  the  dynamic  stress-intensity  factor.  For  plane-strain 
conditions,  this  is 


9 

, . , 1 - -r 

..  (a, a)  = — - — 
E 


A(a)  K^(a,a) 


(3.6-25) 


1 

I 

' 


I 


where  A is  a geometry  independent,  monotonically  increasing  function  which  is 
unity  at  zero  speed  and  becomes  unbounded  at  the  Rayleigh  speed. 

It  is  of  some  importance  to  recognize  that  Equation  (3.6-25),  although 
derived  for  an  infinite  medium,  is  generally  valid,  i.e.,  the  relation  is  geo- 
metry independent.  This  has  been  proven  by  Nilsson.51  As  a result,  it  is  pos- 
sible to  use  the  idea  of  dynamic  fracture  toughness  if  = K (a)  interchangeably 
with  an  intrinsic  material  energy-dissipation  rate.  That  is,  from  Equation 
3.6-25),  one  can  write 


K(a)  = — A (a)  K“(a) 


(3.6-26) 


and  use  either  Equation 


(3.6-24) 


or  the 


rclat i on 
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K(a,a)  = K (a) 


(3.6-27) 


is  die  crack  propagation  criterion.  In  either  case,  it  is  found 
quasi-dynamic  equation  of  motion  for  the  crack  tip  is  given  by 


t hat 


the 


Ks  (a) 


1 'lD(a) 
g(a) 


1 2.6-23) 


2 

where  g = AK‘  is  also  a universal  function  of  crack  speed.  The  function 
B = g (a ) can  be  interpreted  as  the  ratio  of  the  dynamic  to  the  static  energy 
release  rates. 


in  order  to  apply  Equation  (3.6-28)  to  investigate  crack  arrest,  an 
explicit  relation  for  i te  function  g(a)  is  needed.  in  Freund's  analysis,  a 
numerical  integration  was  used  to  determine  this  function.  However,  it  can  be 
shown  that  the  function  g = g(a)  is  more  than  adequately  expressed  by  the  sim- 
ple relation 


g(a  = 1 


a 


(3.6-29) 


Hence,  substituting  Equation  (3.6-29)  into  Equation  (3.6-28)  and  rendering  the 
resulting  equation  dimensionless  by  introducing  the  material  constant  K the 
equation  of  motion  for  the  crack  tip  becomes 


Kg(a) 


K 


1C 


KiD(a) 


rc 


(3.6-30) 


The  next  step  is  to  introduce  the  relation  for  K for  the  DCB  specimen.  Equation 
(3.6-30)  can  then  be  solved  iteratively  for  the  crack  speed  as  a function  of 
crack  length.  By  numerically  integrating  these  results,  the  crack  length  can 
be  obtained  as  a function  of  time. 

As  a final  point.  Equation  (3.6-30)  can  be  used  to  show  that  the  crack- 
arrest  point  predicted  with  the  quasi-dynamic,  theory  is  equivalent  to  those 
obtained  from  the  completely  statically  based  approaches.  Consider  a material 
having  a dynamic  fracture  toughness  that  exhibits  a minimum  value  Kn,t,  at  some 
finite  crack  speed  a ■ nb,  the  case  a^  = 0 and  = K(  is  not  precluded.  A 
propagating  crack  will  arrest  when  (and  only  when)  Equation  (3.6-27)  can  no 
longer  be  satisfied.  Using  the  static  theory,  this  occurs  at  a crack  length  a 
such  that 


W ■ VV  = K; 


DM 
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Now,  from  Equation  (3.6-30),  this  condition  means  that  the  crack  will  arrest 
when 


K (a 


) 


r 


kid(V 


1/2 


or  when 


K (a  ) 
s r 


^DM 


where  the  constant  of  proportionality  is  a material  property.  Note  that  the 
value  of  this  constant  will  be  simply  equal  to  unity  when  = K ..  Hence, 
in  these  cases,  the  arrest  point  given  by  either  the  static  or  the  quasi- 
dvnamic  approaches  will  be  exactly  the  same. 


3.6.3  Comparison  of  Crack  Arrest  Pred _i ctions 
Made  by  St atic  Fracture  Mechanics  with 
Those  of  Dynamic  Fracture  Mechanics 


Crack  propagation  experiments  in  the  DCB  test  specimen  can  be  made 
for  either  of  two  general  kinds  ot  loading  conditions:  wedge  loading  and 

pull-rod  loading.  For  the  first  set  01  conditions,  crack  growth  is  initiated 
from  a blunt  crack  by  slowLy  forcing  the  load  pins  apart.  In  this  case,  es- 
sentially no  external  work  is  done  on  the  specimen  as  the  crack  propagates. 

For  the  second  set  of  conditions,  crack  growth  is  initiated  from  a sharp  crack 
by  pulling  the  load  pins  apart  with  elastic  rods.  This  system  does  involve 
work  done  on  the  specimen  while  the  crack  is  running.  Either  set  of  conditions 
can  be  analyzed.  However,  because  for  a substantial  period  of  time  after  the 
initiation  of  growth,  there  is  no  difference  between  the  two  cases,  the  more 
economical  wedge  load  conditions  have  been  used  in  the  analyses  reported  here. 

In  order  to  use  Equation  (3.6-30)  to  obtain  a prediction  of  crack 
arrest,  the  appropriate  static  stress-intensity  factor  expression  for  the  geo- 
metry and  load  under  consideration  must  be  supplied.  For  the  DCB  specimen 
with  wedge  loading,  Kanninen  66  has  shown  that 
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writ  I,-  i -.i  i . r hf  uncr.i  ktd  ligament  length,  2*  is  the  pin  displacement, 

inj  1 . >65/h . 

AsiJ.e  from  t he  specimen  and  arrester  dimensions  and  mechanical  pro- 
p,-it  the  test  j 1 1 amt 1 1* r which  governs  crack  propagat  ion  in  the  DCB  specimen 

..mho  Wf.i.p  . ..td  int.  is  Kt,  the  stress  intensity  factor  acting  at  the  time  of 
r i t wtii  init  i it  i »n . ' Note  that  because  of  the  initial  blunting  of  the  t rack 
...  r ' K . High  values  of  K mean  that  large  w unt 
m i.  stored  in  t h3  specimen  initially  and,  Hence,  rapid  crack  pro- 
. i.  it  ion  .hi  | . achieved.  Another  feature  of  the  wedge-loaded  DCB  results  is 
Chat  ■ racks  generally  propagate  at  an  essentially  constant  speed.  This  is  use- 
mi  in  the  analysis  of  arrester  devices  because  the  speed  of  the  crack  as  it 
(p.  r i.  iies  tiie  arrtster  can  be  readily  identified. 

One  additional  feature  makes  the  wedge-loaded  DCB  an  even  more 
,ii L table  device  for  the  preliminary  examination  of  crack  arrester  devices. 

This  is  due  to  the  fact  that  it  is  a more  efficient  supplier  of  kinetic  energv 
to  the  crack  tip  than  is  an  actual  structure.  This  makes  the  predictions  made 
for  a given  arrester  system  conservative  in  that  it  will  under  estimate  the 
ability  of  the  device  to  arrest  a crack  in  an  actual  structure.  Looked  at  in 
another  way,  evaluations  of  arrester  systems  using  a laboratory  test  specimen 
configuration  such  as  the  DCB  specimen  will  automatically  include  a factor 
of  safety. 


The  particular  geometry  chosen  to  perform  the  computation  contrasting 
the  dynamic  and  static  crack  arrest  approaches  is  shown  in  Figure  3.6.2.  An  initial 
set  of  computations  was  made  for  a "standard"  specimen  without  an  arr**st  s*  t L 
The  specific  dimensions  for  the  geometry  shown  in  Figure  3.6.2  are  as  follows: 

a = 50  mm 
o 

h = 50  mm 
e = 25  mm 
b =25  nun 
L = 300  mm. 

Wedge  loading  was  assumed  which  means  that  the  pin  displacement  at  the  onset 
of  motion  and  its  minimum  displacement  thereafter  (nb,  the  pins  are  free  to 
rise  above  the  wedge  while  the  crack  is  in  motion  and,  in  fact,  the  do)  ir. 
fixed  by  the  specified  value  of  K , cf,  Equation  (3.6-31).  A constant  crack 
speed- independent  value  of  K was^taken  to  facilitate  comparison  with  the 
static  tiieorv  in  these  computations.  As  pointed  out  above,  this  then  means 
that  the  arrest  point  given  by  the  quasi-dynamic  theory  exactly  coincides  with 
the  completely  static  and  quasi-static  approaches. 

Two  example  computational  results  are  shown  in  Figure  3.6.3(a)  .and 
(6).  These  are  for  K values  of  2.0  K and  3-OKj^.  (G  /G^  = 4.0  and  9.0), 
n tively.  It  canqbe  < Learly  seen  that  the  prediction  of  the  crack  arre  t 

In  addition,  load  pins  100  mm  in  length  and  25  mm  in  diameter  were  considered. 

The  specimen  material  was  taken  to  be  steel  with  E = 0.20865  MN/min*  . 
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DCB  SPECIMEN  GEOMETRY  FOR  ARRESTER 
CALCULATIONS 
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FIGURE  3.6.3. (h).  COMPARISON  OF  CRACK 
PROPAGATION  PREDICTIONS  FROM  FULLY 
DYNAMIC  ANALYSIS  WITH  QUA S I -DYNAMIC 
ANALYSIS  FOR  A STANDARD  DCB  SPECIMEN 


FIGURE  3.6.3. (a).  CRACK  PROPAGATION 
IMPUTATIONS  FOR  A DCB  SPECIMEN  WITH 
YN  I .TERM I TTANTLY  ATTACHED  STIFFEN- 
' R FOR  K /K...  = 2.0 


point  is  o very  considerable  underestimate — the  fully  dynamic  theorv  always 
predicts  that  the  crack  would  propagate  well  beyond  the  crack  arrest  point 
determined  by  a static  approach.  in  fact,  the  stat  ic  theory  would  always  pre- 
dict crack  arrest  within  the  DCB  specimen  under  wedge  loading  conditions, 
ihis  can  be  seen  from  liquation  (3.6-31)  which  shows  that  K o'  as  a-.L . However, 
many  experiments  in  which  the  crack  completely  penetrates  the  specimen  without 
arresting  under  wedge  loading  conditions  have  been  performed.  ...is  fact 
further  distinguishes  between  the  static  and  the  fully  dynamic  analysis  pro- 
cedures. The  latter  does  not  suffer  from  this  limitation,  as  can  be  seen  in 
the  computation  shown  in  Figure  3.6.1(b)  wtiere  the  crack  did  not  irrcst. 

The  comparative  arrest  point  predictions  made  with  the  fully  dynamic 
and  tile  static  approaches  for  the  standard  DCB  test  specimen  are  summarized 
in  Figure  3.6.4.  It  is  again  clear  that  the  static  theory  gives  a possible 
dangerous  overestimate  of  the  capacity  of  a structure  to  arrest  a rack.  Ihis 
reemphasizes  the  conclusion  stated  above  that  the  investigation  of  systems  de- 
signed to  arrest  a rapidly  propagating  crack  must  be  conducted  within  the  frame- 
work of  a fully  dynamic  crack-propagation  theory. 

The  physical  reason  for  the  inadequacy  of  the  static  and  quas  i -dynamic 
approaches  to  predicting  crack  arrest  can  be  seen  in  Figure  3.6.5.  This  figure 
shows  the  distribution  of  the  energy  contained  in  the  test  specimen  during  the 
run-arrest  process  for  the  calculation  shown  in  Figur1  3.6.3(a).  Because  no 
external  work  is  supplied  to  the  specimen  with  wedge-loading  conditions,  as  the 
fracture  energy  is  removed  (at  a constant  rate  due  to  the  assumption  that 
= Fj(.),  the  total  energy  to  be  partitioned  into  strain  energy  and  kinetic 

energy  sLeadlly  diminishes.  It  can  be  seen  that  while  the  strain  energy 
generally  decreases  (as  in  the  static  situation),  the  kinetic  energy  initially 
increases,  reaches  a maximum,  then  decreases  almost  to  zero. 

Comparison  with  the  results  shown  in  Figure  3.6.5(a)  reveals  that  the 
statically  calculated  arrest  point  is  reached  at  about  the  same  point  that  the 
kinetic  energy  reaches  a maximum  in  the  fully  dynamic  calculation.  This  indicate 
that  it  is  the  return  of  kinetic  energy  to  the  crack  tip  that  is  the  primary 
source  of  difference  between  t lie  static  and  fully  dynamic  approaches.  The 
average  rate  of  change  of  the  kinetic  energy  being  greater  (negatively)  thin  the 
strain  energy  after  the  maximum  has  been  reached  further  reveals  that  the  kinetic- 
energy  actually  provides  the  greater  contribution  to  the  crack  driving  force, 
cf.  Equation  (3.6-21). 

The  practical  conclusion  that  can  be  drawn  from  tiie.se  calculations 
is  tiie  following.  When  a crack  arrester  system  is  to  be  used  in  a ship  hull  or 
any  other  engineering  structure,  the  dynamic  amplification  of  the  crack  driving 
force  is  an  important  consideration  in  the  design.  This  increase  is  primarily 
due  to  the  return  of  kinetic  energy  to  the  crack  tip  and,  in  turn,  this  is  a 
function  of  the  geometry  of  the  structure.  One  practical  way  of  accounting  for 
this  effect  that  could  be  used  in  tiie  engineering  design  process  is  by  the 
concept  of  a "dynamic  amplification  factor",  a multiplicative  geometry-dependent 
factor  which  could  be  incorporated  into  an  otherwise  completely  static  fracture 
mechanic  analysis. 


* The  dynamic  and  static  strain  energies  will  also  contribute  to  a difference  but 
this  is  apparently  less  Important. 
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FIGURE  3.6.4.  COMPARISON  OF  CRAtK 
ARREST  POINT  IN  A D-  B TEST  SPECIMEN 
WITH  STATIC  AND  WITH  FULLY  DYNAMIC 
ANALYSIS 


FIGURE  3.6.3.  DISTRIBUTION  OF  ENERGY 
DURING'  [LIPID  CRACK  PROPAGATION  IN 
A DCB  TEST  SPECIMEN  FOR  K„/Krr  =2.0 
AND  Kn  - KIC 


Very  large  monolithic  structures  will  return  no  kinetic  energy  and, 
hence,  will  have  a dynamic  amplification  factor  of  unity.  The  DCB  test  speci- 
men is  a highly  efficient  utilizer  u:  kinetic  energy  and,  consequently,  will 
have  a relatively  high  dynamic  amplification  factor,  e.g.,  approximately  two. 

A structure  like  a ship  hull  might  he  expected  to  have  a value  close  to  unity, 
but  tliis  cannot  be  established  without  further  work.  It  might  be  anticipated 
that  the  manner  in  which  the  arrester  is  attached  to  the  base  plate  may  have 
a large  effect  on  the  dynamic  amplification  factor,  perhaps  as  much  as  the 
structural  configuration  itself. 


Finally,  for  comparison  with  the  calculations  reported  in  Section  b, 
the  results  given  in  Figures  3.6.6  and  3.6.7  arc.  of  interest.  In  Figure 

1.6.6  are  shown  the  average  crack  speeds  calculated  for  crack  propagation  in 
the  standard  DCB  specimen  without  arrester  as  a function  of  the  stress-inten- 
sity factor  at  the  initiation  of  crack  growth.  [The  difference  between  the 
average  speed  during  the  initial  phase  of  growth  and  the  average  speed  over 
the  entire  event  can  best  be  seen  in  Figure  3.6.3(b)!.  These  can  be  viewed 
as  input  to  the  problem  found  by  the  designer  of  a crack  arrestor  system. 

Tlie  results  shown  in  Figure  3.6.7  typify  the-  kind  of  information  tbit  is 
available  to  him  in  doing  his  job,  albeit  for  a wedge- loaded  DCB  specimen, 
rhat  is,  given  an  anticipated  raefc  >peed  or,  equivalently*  a K value,  F i on  • 

3.6.7  provides  an  obvious  way  of  estimating  the  toughness  required  of  an  inte- 
gral "h igh-t oughness"  strip  crack  arrester  using  a static  approach.  Some  ex- 
ample calculations  showing  how  this  process  would  be  performed,  together  with 
further  illustrations  illustrating  t h • over  optimism  <>t  the-  results  given  in 
Figure  3.6.7,  are  given  in  Section  6 of  this  report. 


4.0 


FAT ICUE-CRACK  PROPACAT ION 


I 


4.1  INTRODUCTION 


This  section  is  concerned  with  fatigue-crack  growth  in  ship  hulls 
and  with  the'  effect  of  crack  arresters  on  crack  growth.  in  order  to  facilitate 
the  discussion,  the  concepts  of  crack-growth  analysis  and  stress-history  effects 
will  be  briefly  discussed  first.  Thereafter,  the  procedure  for  analysis  of  ser- 
vice cracks  will  be  considered.  Finally,  fail-safe  design  practice  and  arrester 
efficiency  will  be  discussed. 

Fatigue-crack-growth  analysis  of  damage-tolerant  structures  has  to 
deal  with  both  prearrest  and  postarrest  behavior.  In  the  prearrest  period, 
the  crack  may  grow  from  a small  initial  flaw  to  a size  that  causes  fast  un- 
stable crack  propagation.  This  period  is  of  interest  if  attempts  are  made  to 
prevent  cracks  from  reaching  a critical  size  by  means  of  periodic  inspections. 

If  unstable  crack  growth  and  arrest  occurs,  the  postarrest  behavior  is  of 
interest.  The  long  arrested  crack  will  extend  by  subsequent  cyclic  loads. 

It  should  not  grow  to  a size  that  would  again  cause  fast  fracture  during  a re- 
latively short  postarrest  period  required  to  complete  the  voyage  and  dock 
the  ship  for  repair  of  the  arrested  partial  failure.  Both  prearrest  and  post- 
arrest crack  growth  will  be  considered  in  this  section. 


4.2  CONCEPTS  OF  CRACK  GROWTH  ANALYSIS 


The  concept  of  crack-growth  analysis  is  now  well  known.  Its  appli- 
cation to  ship  structures  has  been  the  subject  of  a recent  study  of  the  Ship 
Structure  Committee  70  _ Therefore,  the  basic  concept  will  be  discussed  only 
briefly  here. 

Fatigue-crack  growth  is  governed  by  the  range  of  the  stress-intensity 
factor  (AK)  during  a cycle.  Generally,  the  -ate  of  crack  propagation  can  be 
expressed  as 


at  = f<AK-R> 


(4.2-1) 


where  a is  the  'rack  size,  N is  the  cycle  number,  and  R is  the  ratio  between 
the  minimum  and  maximum  stress  in  a cycle.  Many  forms  have  been  proposed  71,72,73 
for  Equation  (4.2-1).  For  the  purpose  of  the  present  discussion,  it  is  sufficient 
to  use  the  simple  relationship 


35  ■ «" 


(4.2-2) 


t- 
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w ’’  :j*lu  i i 1 •-*  man'.  .Li  i ; t or  a limited  ‘ range  of  AK,  with  n on  the 

• •rder  of  i,  and  U \»  (i.e.,  the  minimum  stress  in  each  cycle  is  zero). 

ihe  ri  k-  r.'wth  properties  of  a material  can  he  determined  by  using 

1 i ' l t ir.ic n tor  woich  .i  K— solution  is  known.  Center— cracked  specimens 

are  often  used,  for  which 


AK  = ‘ (V  it  a 


r!'  r.jck  is  small  compared  to  the  specimen  ' size.  In  this  equation,  A<r 
is  range  of  the  nominal  stress  in  a cycle.  The  specimen  is  subjected  to 

ic  loading  and  crack  growth  is  recorded.  The  increment  of  crack  growth 
pro" ides  the  crick-growth  rate  da/dN  which  can  then  be  plotted  as 
i functi.  n of  According  to  Equation  (4.2-2),  the  result  will  be  a straight 

line  -n  double-log  paper. 

ihe  pred i t ion  of  crack  growth  in  a structure  then  requires  a cal- 
culation of  the  stress-  in  teas  tty  factor*  for  the  given  structural  geometrv  with 
k at  the  critical  location.  Using  this  stress  intensity,  the  crack- 
-’i  ■'  a t e.  can  be  determined  t rum  the  da/dN-*  K plot.  An  integration  over  a 
•■an"  ■ of  crack  : ices  provides  the  crack-growth  curve,  i.e.,  crack  size  as  a 
function  of  the  number  of  cycles. 


• • 


The  analysis  of  the  growth  of  service  cracks  . < mp 1 i ated  by  a nuss- 

-ier  • factors.  The  most  prominent  of  these  is  the  servi-t  stress  history. 

Ship  hull  stresses  vary  randomly  as  a function  ol  • i.load  distribution  and 

, t he  serv  ic  oi 

u<  . . t ei  * . . • ■ 

spei  trum. 

Ff  * r u k-vr.iwth  calculations  have  to  be  based  on  the  rms  value,  random  - 
1 available.  This  is  usually  not  the  .use.  It 
r 1 1 ‘ 11  the  spectrum,  some  stress  histi  rv  has  to  be  assumed  and 

' ^ ntegration  as  ..  scribed  in  the  previous  section  is  to  be  based 

put er  • . • ; an  ana ! y a i s 

‘ ■ • . • ‘ ' i . !’  i : * in  iet*;> space  industry. 


• ■ • f hig  : r • . ! es  has  a drast  i( 

1 • pient  ling  at  lower  amplitudes  74,75,76 
i .els  large  plastic  zone  develops  at  the 
i‘  ;•»  mar-  stretch,  the  material  in  this  zone  does  not 
.'■air rounds  .if!  - r unloading.  As  a result,  it  will 
i ' * idua!  stress.  This  means  that  the  general  stress 

1 • i ! i lov  red,  so  that  subsequent  crack  growth  is 
1 t i > tiled  retardation.  It  is  illustrated  in  Figure 
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Models  have  been  developed  * to  account  for  the  retardation  be- 
havior in  the  crack  growth  integration  procedure.  At  present,  no  information  is 
available  on  whether  retardation  is  a significant  factor  in  ship  steels  sub- 
jected to  a ship-stress  spectrum.  Therefore,  a crack-growth  analysis  would 
conservatively  neglect  retardation.  However,  it  is  worth  exploring  whether  the 
beneficial  effect  of  retardation  can  be  counted  on  in  ship  hull  cracking.  Since 
retardation  is  usually  more  pronounced  in  higher  strength  materials,  it  would 
become  of  special  importance  for  modern  high-strength  ship  steels. 


4.4  ANALYSIS  OF  SERVICE  CRACKS 


The  prediction  of  crack  growth  in  service  requires  the  following 

steps : 

• Analysis  of  the  structure  and  structural  details  to  define 
critical  locations 

• Stress  analysis  of  the  structural  details  to  determine  the 
stress- intensity  factor  for  a crack  at  the  critical  location 

• Establishment  of  service  stress  history  at  the  location 
of  the  crack 

• Determination  of  material  crack-growth  properties,  taking 
into  account  the  different  crack-growth  rates  in  weld 
material  and  heat-affected  zone  if  relevant  to  the  crack 
problem  under  consideration 


• Integration  of  crack  growth,  either  cycle-by-cycle,  or 
blocks  of  cycles  for  a small  increment  of  crack  growth. 

Each  or  these  steps  was  discussed  in  some  detail  in  the  previous  para- 
graphs. Only  the  stress  analysis  to  arrive  at  the  stress-intensity  solution 
will  be  briefly  considered  in  the  following  paragraphs. 

A reliable  stress-intensity  solution  is  even  more  important  for 
fatigue  analysis  than  for  residual  strength  analysis,  because  fatigue-crack- 
growth  rates  vary  with  the  third  or  fourth  power  of  AK  Not  only  nominal 
stresses  are  of  importance,  but  also  local  stresses  due  to  stress  concentrations 
and  residual  stresses. 

The  nominal  stress  can  be  obtained  from  a global-stress  analysis  or 
t Ini t e-element  analysis.  These  can  be  applied  to  a finite-element  analysis 
*f  a structural  detail  containing  the  crack  to  include  local  stress  concentra- 
tions, c.g.,  in  weld  fillets  and  cutouts.  Although  techniques  exist  to  in- 
lade  residual  stresses,  the  complexity  of  the  problem  may  make  a detailed 
analysis  prohibitive.  (Residual  stresses  at  the  crack  tip  due  to  high-stress 
.vies  would  be  automatically  accounted  for  in  the  crack-growth  integration 
pr-  odures  'f  a retardation  model  is  used.) 
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Proper  modeling  of  structural  details  is  more  important  if  the  .rjti.,1 
crack  size  is  small.  In  that  case,  most  of  the  useful  era  k-gi  wth  i r.  is  spent 
while  the  crack  is  still  influenced  by  the  stress  . uni  ent  rat  i ■ ,st  its  i .iri.i- 
tion  site.  Careful  detail  design  will  be  aimed  at  reducing  .tress  , ..central  n 
Tins  has  the  advantage  that  (1)  the  growth  of  small  era.  Its  will  be  slower  and 
(2)  the  critical  crack  size  will  be  larger.  It  implies  that  a siguif J.  ant  • .rt 
of  the  useful  crack-growth  life  is  spent  while  the  crack  tip  is  well  awav 
the  initial  stress  raiser. 


From  the  point  of  view  of  safety,  large  critical  crack  sizes  are 
preferable  because  there  is  a better  chance  of  timely  crack  detection.  In 
that  case,  the  time  spent  in  the  small  crack  region  is  of  less  interest. 
Since  only  the  growth  of  relatively  large  cracks  has  to  be  considered,  the 
modeling  of  the  initial  stress  raiser  and  of  the  residual  stresses  become 
less  critical. 


* 

« 

ft 


4.5  FAIL-SAFE  CONCEPTS 


Safety  requires  that  a structure  can  still  withstand  an 
appreciable  load  under  the  presence  of  cracks  or  failed  parts.  It  also  re- 
quires that 

• Either  the  damage  can  he  detected  before  it  reaches  a 
dangerous  size 

• Or  that  damage  growth  is  so  slow  that  it  never  reaches 
a dangerous  size  through  the  specified  life 

• Or  the  structure  is  provided  witli  means  to  arrest  a 
crack  when  the  damage  has  reached  the  critical  size  that 
causes  unstable  growth.  Sufficient  remaining  .rack- 
growth  life  should  then  provide  some  time  for  rorre  live 
action. 

In  each  case,  fatigue-crack  growth  is  of  importance.  Consider 
the  crack-growth  curve  in  Figure  4.5.1.  Suppose  the  strut  ture  com  , ins  an 
initial  defect  of  the  size  a..  If  the  crack  were  nut  to  grow  critical  riii 
a lifetime,  the  maximum  life  of  the  structure  would  be  t . In  rder  t.  cal- 
culate this  life,  the  growth  of  smal  1 cr.n  • a would  have  lo  be  c nsider.-d 
involving  the  difficulties  discussed  in  1 lie  previous  section. 

If  the  inital  defect  size  happended  to  be  a * instead  of  a (Figure 
4.5.1),  the  life  to  critical  would  he  much  shorter.  In  view  of  this  1 i 
large  safety  factor  would  have  to  be  taken  on  t , or,  more  real  i stir. ill-.  , one 
can  provide  for  crack  arresters  that  would  limit  the  risk  of  a critical  cr.n  k. 

Stretching  this  idea  further,  one  might  entirely  re  I v upon  era.  k 
arresters  and  not  be  concerned  about  the  point  in  time  they  might  be  ome  ef- 
fective. However,  an  unstable  crack  might  still  cause  considerable  dam.,,.  . 

It  would  be  advant  rgeous  if  a crack  could  be  detected  and  repaired  boferi  ii 
grows  to  a critical  size.  This  would  requfre 
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• Periodic  Inspection  which  may  not  always  be  feasible 

• Easily  detectable  cracks;  i.e.,  large  critical  crack  s { ■/.<■ 
and  a long  period  for  detection 

• Scheduling  of  inspections  on  the  basis  of  a calculated 
crack-growth  curve  In  the  region  a ^ to  a (Figure  A. 5.1). 

It  the  critical  crack  size  is  large  and  crack  growth  i slow,  the 
i t<.  t ion  limit  a may  he  rather  large.  This  would  imply  that  inspection  re- 
quirements ould  be  less  stringent.  Also,  crack-growth  calculations  would 
b*  n . ‘ i if  i . ■ u 1 L because  cracks  in  the  range  a ^-a  would  be  large  enough 
not  he  affected  too  much  anymore  by  the  stress  concentration  at  the  initia- 
tion site. 

In  the  case  fast  crack  growth  and  arrest  do  occur  the  rate  of  crack 
.st  after  arrest  is  of  interest  for  the  safety  during  tin  rest  ol  the  voy- 
age until  docking  for  repair.  Since  a postarrest  crack  will  bo  large,  fatigue- 
rack-growth  rates  may  he  high.  This  asks  for  rather  accurate  information  on 
post  arrest  behavior. 

In  order  to  obtain  an  appreciation  of  the  t imt  involved  in  crack 
! ropagatien,  a simple  and  rough  estimate  was  made  ol  a crack-crow th  curve  tor 
ihip  hull.  A through  crack  in  a deck  is  assumed  at  a location  not  dire>  t 1 ■ 
aff.  clod  by  other  structural  members.  Two  stress  spectra  were  considered,^' 
oik*  for  the  Wolverine  State  and  the  other  for  the  Minnesota  . figure 
4.5.2  shows  the  spectra  together  with  t he  stepped  approximation  used  for  the 
e rae k— growth  ana  lysis. 

Since  reliable  crack-growth  data  for  ship  steel  were  not  available, 
t he  da/dN  - A K relation  was  assumed  as  in  Figure  4.5.3.  The  spectrum  was  divided 
in  blocks  ol  0.1  year  and  crack  growth  was  calculated  for  0. 2-inch  crack  ire  r< 
ments  for  the  small  crack  region  and  1-inch  increments  lor  the  1 irge  crack 
n -.ion.  No  retardation  was  considered.  The  results  are  shown  in  Figure  .. 

It  turned  out  that  crack  growth  was  largely  determined  by  tin  low 
stress  cycles.  This  Is  the  reason  why  crack  growth  for  the  Minnesota 
-•O'-ct  rum  is  slower  than  for  the  Wolverine  State  spectrum,  since  the  lat  ter  con- 
tains many  more  low- ampl itude  cycles. 

8 

A typical  value  for  the  toughness  at  low  temperature  \ 1 1 d he 

60  k : ■ i » in.  Taking  20  psi  ,is  the  highest  stress  in  the  sp-  t rur.  th<  rif  i al 
aid  i>i  2a  ~ 2*  60^/"  • 20-  -5.7  in.  It  th<  dett  table 
were  1 inches,  the  period  for  crack  detection  would  be  3 year?  for  the  Mi  Ju- 
nes* ta  and  0.5  years  for  the  Wolverine  State  . These  times  ar«  long  enough 
t>  conclude  that  a fail-safe  approach  based  on  crack  growth  may  h*  feasible. 

♦ . 6 ' \ ; K ARRESTERS  AND  FATICUE 


piL  t mi-  increasing  amount  of  literature  on  crack  arrcstci  in 
l . rma  t ion  was  i . a ilab  1 1-  on  the  inter. e t i on  • f a t i gut  • r : -it*: 


crack  arresters.  Therefore,  this  discussion  will  be  based  on  analysis  and 
data  for  aircraft  materials  and  aircraft  structures.  Only  some  general  ob- 
servations will  be  made  with  regards  to  ship  structures. 

Arrester  configurations  conceived  so  far  can  be  categorized  as 

(1)  arresters  that  decrease  the  stress  intensity 

(2)  arresters  that  increase  the  toughness. 

In  both  cases,  a fast  growing  crack  is  fully  arrested  because  the  crack  driving 
force  falls  below  the  critical  value  (with  or  without  dynamic  effect  considered). 
A fatigue  crack  approaching  an  arrester  of  these  types  will  not  be  arrested. 

It  will  merely  slow  down.  If  the  arrester  is  a patch  or  a stringer,  the  K- 
reduction  may  be  quite  large.  Fatigue-crack-growth  rates  will  be  much  lower, 
because  they  vary  with  the  third  or  fourth  power  of  AK.  If  the  arrester  is  a 
high-toughness  insert  and  has  fatigue-crack-growth  properties  better  than  the 
primary  structure,  there  will  be  a deceleration.  Since  the  various  kinds  of 
steels  do  not  show  largely  different  fatigue-crack  behavior,  the  slow-down 
will  likely  be  less  effective  than  for  the  arresters  of  Type  1. 

The  stress-intensity  factor  reduction  for  a crack  arrester  can  be 
calculated.  The  da/dn-AK  diagram  then  shows  the  reduction  in  crack-growth 
rate.  Rate  prediction  on  this  basis  has  been  found  well  in  agreement  with 
experimental  data  for  aircraft  stiffened  panel  structures.  As  an  example, 
consider  the  results  of  Poe  given  in  Figures  4.6.1  and  4.6.2. 

figure  4.6.1  shows  the  prediction  and  the  test  data  for  a panel  with 
riveted  stringers.  The  crack-growth  rate  is  plotted  as  a function  of  crack 
size.  The  dashed  lines  show  what  the  growth  rates  would  be  in  the  absence  of 
stringers.  The  solid  lines  show  the  prediction  for  the  stiffened  panel.  If 
the  crack  tip  is  close  to  the  stringer,  the  reduction  in  the  stress-intensity 
factor  is  the  largest  (which  would  cause  a fast  running  crack  to  arrest  there). 

As  a consequence,  the  largest  reduction  of  fatigue-crack  growth  rates  also 
occurs  in  this  region.  Also  shown  in  Figure  4.6.1  is  the  integrated  crack- 
growth  curve  (right  scale)  which  clearly  reflects  the  results  of  the  deceleration 
of  growth. 

Figure  4.6.2  presents  similar  results  for  an  integrally  stiffened 
panel.  The  reduction  in  stress  intensity  is  much  less  in  this  case,  so  the 
stiffeners  are  less  effective.  In  addition,  the  fatigue  crack  can  directly 
penetrate  the  stiffener  which  further  reduces  its  effect. 

It  appears  that  crack  arresters  can  have  a significant  influence  on 
fatigue-crack  growth.  However,  it  is  questionable  whether  this  is  always  ef- 
fective for  ships.  Crack  arresters  in  ship  hulls  will  be  relatively  wide  spaced. 
This  means  that  there  is  more  chance  that  fatigue  cracks  will  develop  at  loca- 
tions remote  from  the  arrester  than  close  to  the  arrester.  Only  if  they  develop 
in  a region  < lose  to  an  arrester  can  they  benefit  from  the  K-reduction.  In  tin- 
case  ol  welded  arresters,  the  fatigue  crack  will  penetrate  the  arrester  thus  re- 
ducing its  efficiency.  If  the  arrester  is  far  away,  the  crack  will  reach  a 
critical  size  before  it  comes  into  the  vicinity  of  the  arrester  and  can  benefit 
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from  tlic  K-reduct  ion.  In  the  case  of  welded  arresters,  the  fatigue  track  will 
penetrate  the  arrester  thus  reducing  its  efficiency.  If  the  arrester  is  far 
away,  the  crack  will  reach  a critical  size  before  it  tomes  into  the  vicinity  of 
tlie  arrester  and  can  benefit  from  it.  In  the  example  in  the  previous  set  t ion, 
the  critical  crack  size  was  on  the  order  of  6 inches. 

The  significance  of  arresters  for  fatigue-crack  growth  is  most 
likely  in  the  postarrest  behavior.  After  instability  and  arrest,  the  arrester 
may  be  effective  to  sufficiently  decrease  growth  rates  to  allow  completion  of 
the  voyage  until  repair.  In  that  case,  the  tougii  material  insert  will  not 
largely  reduce  fatigue-crack-propagation  rates.  However,  in  the  case  of  riveted 
arrester  strips  the  postarrest  fatigue  crack  would  fully  benefit  from  the  growth 
rate  reductions  shown  in  Figure  4.6.1. 

As  pointed  out  in  Section  3.5,  the  reduction  of  the  stresses  in  the 
hull  would  occur  at  the  expense  of  high  stresses  in  the  arrester  strip.  These 
stresses  may  bo  so  high  that  the  arrester  strip  has  only  i very  short  fatigue 
life.  If  it  would  fail  by  fatigue,  it  would  cans,  immediate  fast  fracture  of 
the  hull,  because  it  would  no  longer  act  as  an  arrester.  Therefore,  a complete 
analysis  of  postarrest  behavior  should  include  fatigue  analysis  of  the  arrester 
strip.  It  is  recommended  that  complete  prearrest  and  postarrest  analyses  be  made 
of  some  realistic  structures  with  arresters,  to  obtain  definitive  information 
of  these  matters  and  to  evaluate  the  feasibility  ol  arrester  systems  i rum  the 
point  of  view  of  fatigue  and  fatigue-crack  propagation. 


5.0  CHARACTERIZATION'  OF  ARRESTER  MATERIALS 


The  design  ol  in-plnne,  energy  absorbing  arresters,  spec i fical ly-- 
the  selection  of  optimum  arrester  width,  thickness,  spacing  and  material 
combinations--requires  the  measurement  01  the  fracture  energy  or  toughness 
values  of  candidate  materials.  In  this  section,  estimates  are  made  of  the 
minimum  toughness  levels  required  of  steels  tor  this  class  o:  arrester. 
Generally,  the  toughness  levels  are  found  to  he  high,  and  at  or  near  the 
upper  shell.  Some  of  the  problems  associated  with  measuring  large  fracture 
toughness  values  are  described,  along  with  possible  ways  to  overcome  these 
problems.  Hie  arrester  toughness  requirements  recommended  by  Rolfe, 
et  al.  ' , in  terms  ol  dynamic  tear  (DTE)  energy  are  compared  with  esti- 
mated minimum  K requirements . Finally,  currently  available  toughness 
data  [or  ship  steal  are  compared  with  estimated  requirements  for  arresters. 

5.1  ESTIMATE  OF  (OR  FOR  ARRESTER  MATERIALS 


It  is  instructive  to  make  a rough  estimate  oi  the  toughness 
levels  that  are  required  of  in-plane  arresters.  This  is  most  easily  done 
•or  the  case  of  a plate  Lhat  is  large  relative  to  a propagating  centrally 
located  crack  bounded  by  two  arresters  of  the  same  thickness  as  the  base 
plate,  as  shown  in  Figure  5.1.1.  The  calculation  can  presently  be  made 
only  for  assumed  values  of  Lhe  fraction  of  the  kinetic  energy  imparted 
to  the  structure  that  is  returned  to  the  crack  tip  prior  to  arrest.  However, 
two-dimensf.^nal,  finite  difference  dynamic  analyses  have  recently  been 
developed  " and  could  be  used  in  the  future  to  evaluate  and  solve  more 
complex  problems. 

Combinations  of  the  minimum  values  of  Iracture  energy  R , 
fracture  toughness  K , and  the  width  W of  the  arrester  plate  which  will 
stop  Lhe  largest  crack  accommodated  by  the  arrester  spacing  2S  are  given 
by  the  following  expressions  which  are  derived  in  Appendix  A. 


R 


W = S •Jo 


AP  ,tnin  i mum 


(l  +Vo) 


(5.1) 

(5.2) 


K 


I), min imum 


•}JnS  (1  + J3) 


1/2 


(5.1) 
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Arresters  with  fracture  energy  or  toughness  v.il  >«■  . ,^)]<  r than  the 
minimum  values  will  not  stop  a crack  irrespective  their  width. 

Equation  (5.1)  indicates  that  very  narrow  arresters  are  adequate  when 
there  is  little  or  no  kinetic  energy  return.  However,  even  then  the 
arrester  must  be  wide  enough  to  contain  the  most  heavily  deformed  part 
of  the  crack  tip  plastic  zone  (-  1-5  cm  in  radius).  Residual  stresses 
and  low-toughness  values  in  the  region  of  the  HAZ  as  well  as  the  integrity 
of  the  welds  will  also  place  lower  bounds  on  the-  arrester  width. 

Estimates  of  the  minimum  arrester  plate  toughness  values  for 
different  spacings  and  three  assumed  levels  ot  kinetic  energy  return 
derived  from  the  above  equation  are  given  in  Figure  5.1.2.  The  toughness 
requirements  increase  with  the  fractional  kinetic  energy  returned.  The 
requirements  derived  by  Kihara,  et  al.  from  their  large-scale  arrester 
model  test  (see  Figure  5.3.1)  are  also  included.  These  are  based  on 
static  analyses  corrected  for  dynamic  effects  by  way  of  the  empirical, 
e f tec tive-crack- length-correct  ion  discussed  in  Section  3.3.  Since  the 
effective  crack  length  is  smaller  than  the  true  crack  length  at  arrest, 
the  Kihara  requirements  are  even  less  conservative  than  the  ones  derived 
here  for  0 °L  kinetic  energy  return.  Although  both  sets  ot  estimates  make 
provisions  for  dynamic  effects,  the  estimates  are  only  accurate  for  the 
specific  geometry  and  loading  conditions  for  which  they  were  derived^. 

For  other  configurations  and  loading  conditions  they  represent  rough 
guidelines  to  the  toughness  levels  required  of  in-plane  arresters. 

It  is  evident  from  Figure  5.1.2  that  the  toughness  requirements 
for  in-plane  arresters  can  be  quite  high.  For  example,  if  o =^1^0  MN/m 
and  2S  = 6 meters,  and  cp  = 0.5,  then  K^  ^ is  about  600  MNm  * Lower 
applied  stresses  and  closer  spacing  of  Arresters  could  reduce  this  require- 
ment. Probably,  the  lowest  reasonable  value  of  toughness  to  arrest  a 
running  crack  in  a ship  hull,  assuming  requirements  intermediate  between 
those  of  Kihara  and  the  ones  given  h for  cp  = 0.5,  a = 100  MN/m“  and 
2S  = 3m,  appears  to  be  K^  = 200  MNm  This  estimate  is  lor  an  arrester 

of  the  same  thickness  as  the  base  plate.  The  same  arresting  cap^bjlity 
could  be  achieved  with  a toughness  level  as  low  as  K = 140  MNm  “ by 
fashi  ning  a double-thick  sandwich  consisting  of  2 arrester  plates  each 
as  thick  as  the  base  plate.  These  levels  of  toughness  are  only  obtained 
well  above  the  transition  temperature  where  the  fracture  is  accompanied 
by  appreciable  plastic  flow. 


* The  Kihara,  et  al,  requirements  reflect  the  test  piece  dimensions  and 
the  compliance,  mass  and  other  features  of  the  loading  system  used  in 
the  large-scale  tests.  The  present  calculations  are  approximately 
valid  for  plate  dimensions  that  .re  large  compared  to  the  crack. 
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i i iii  i.i.  . 1 1 • • - reveals  the  consequences  ol  employ  i in  li^her 
tr<  ' . . . i truction.  tf  the  ^ieid  t r<  th  ' l t 

is  doubled,  it  i-»  likely  that  both  the  operating  stresses  and  the  ini. ..a; 
re-jiii  i rmeiit  will  be  doubled  lor  a particular  arrester  spat:  . . Lei« 

lor  ordinary  strength  arrester  steels  ( = 2 75  MN/m  ) K . show  l>e 

v .man 

about  200- *00  MN  ‘ , the  requirement  for  higher  strength  steels  ( v 

to  700  MN/ m2)  should  !>*.  a niin  tibout  400  to  1000  MNirf'-^^.  The  c ! igh- 
toughness  values  are  difficuit  to  realize  in  practice  be  ause  of  a..-  i»ene r 
trend  toward  dc  reusing  upper  shelf  toughness  with  increasing  \l.  d t: 
levels.  As  note.!  above,  a multiple  thickness  sandwich  of  arrest-  plates 
can  raise  the  crack  stopping  capabilities  of  arresting  devices  these 
cases . 


5.2  MLASU k I Nt ' VALUES  OF  TOUGH -ARRESTER  STEELS 


from  considerations  described  in  Section  5.1  it  appear."  that 
the  minimum  required  values  for  arrester  steels  of  ordinary  st^qngLn 
(275  MN/in"  yield  strength)  are  in  the  range  from  200  to  400  MNm 
depending  on  arrester  spacing  and  service  stresses.  Doubling  ol  tne  y:  la 
strength  (and  the  service  stresses)  will  double  these  mi  rim'  require- 

ment s . 

Certain  problems  exist  in  the  measurement  ol  such  high  level: 
ol  l racture  toughness.  The  most  highly  developed  methods  ior  mtas.  ri  • 
fracture  toughness  ar  applicable  to  fractures  in  which  phi  Lie  ; i 
limited-- for  exampLe,  fractures  that  occur  under  plane  strain  conditions 
or  under  plane  stress  conditions  in  which  the  plastic  zone  size  is  - . il 
relative  to  specimen  dimensions  and  crack  length  (see  ASTM-E- 399- 74 ) . 
Because  of  the  limited  plasticity,  these  fractures  can  be  analyzed  by 
the  methods  of  linear  elastic  fracture  mechanics  (LEFM)  to  obtain  plane 
strain  fracture- toughness  parameters  such  as  K^,  H , K and  K ^ , and 

their  plane  stress  counterparts  with  the  1 removed  from  tne  subscript. 

The  limited  fracture  plasticity  that  is  necessary  lor  successful  applica- 
tiunol  LEFM  methods  is  the  very  antithesis  of  the  desired  behavior  ol 
arrester  steels,  where  large  plastic  zones  and  significant  shear  lips 
are  essential  to  proper  performance.  Accordingly,  problems  arise  in 
attempting  to  use  LIT  M methods  lor  measuring  fracture- toughness  parameters 
of  tough  materials. 

In  the  toi lowing  paragraphs,  several  methods  lor  measuring  or 
approximating  values  lor  Lough  steels  by  the  methods  ol  fracture 
mechanics  arc  dec  i 'bed. 


5.2.1  Approximating  Values  with  , or  J 

Mcasurement s 


As  noted  in  Section  3.2,  r 


may  coincide  with  K (the  K 


value  it  er>  /cl<  ity)  : or  tough  te£Ysnsince  these  fracture1- with  the 
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• 3.3  Direct  Measurement  of  Y o’  • 
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A test  has  been  developed  at  •!'■'!<- 
the  abiLity  oi  various  steels  to  am  st  . i t,  d] 
by  making  appropriate  measurements  during  the  : 
dynamic  analysis  to  the  results,  the  i ; [ , 

obtained  directly  from  the  test.  To  J.!  . , t!  • t- 
relatively  small  test  piece  to  mt-asur- 
1 hness.  rhe  test  piece  is  basi  1 i 
specimen  that  has  been  modified  t>\  . t -ui. 

"starter  section  to  the  "test  section"  by 
It  is  further  modified  by  introducing  f.;  . n 
patti.  This  arrangement,  pictured  in  ■ . 

duplex  DCB  specimen,  unkes  it  possible 
crack  at  virtually  artv  temperature,  e.c. 
oi  the  test  plate.  './hen  the  prop  *■. 
section,  energv  is  absorbo  1 in  the 
has  sufficient  toughness,  the  crack  i ! 
the  data  by  the  methods  described  in  t' 
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There  are  several  reason:  uhy  1 i 1 . 
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Figure  5.5.2  shows  measure  3 iji.  --  o: 
duplex  DCB  specimens  for  everal  g-  -h  v 

nilductility  temperature.  The  behavior  of  t 
lrora  several  standpoints.  The  toughness  ,.«i  eJtT 
een  to  be  strongly  dependent  or  crack  .*<•  in  •' r *. 
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In  principle,  tin  duplex  1 i t 

valid  Kp  data  by  eliminating  th«.  s id » • . t 1 v.  , ; 

spec  ime  h dimension-  currently  employed  ; . ■ 4.  ,rc  . . . t.  , ui  • :,t. 

ra  1 pa  r 1 1 1 

toughness  steels.  The  amount  oi  strain  one  rev  their  . .<-i  be  . * , . c(i  -_n 
the  arms  of  the  ti  i piece  is  rot  sm  iicieni  to  dn,.  tiic  ci.uk 


the  tough  test  section  lor  any  appreciable  distance,  thus  making 
analysis  oi  the  results  difficult.  With  existing  specimen  dimensions 
and  procedures,  tlje7est imated  upper  limit  of  toughness  measurements 
is  about  250  MNm  . Also,  the  plastic  zone  radius  may  approach  or 
exceed  the  arm  height  of  the  specimen.  Finally,  cracks  propagating  into 
the  tough  test  section  frequently  branch  in  the  absence  of  side  grooves; 
this  also  makes  analysis  of  the  results  difficult. 

The  Battelle  duplex  DCB  test  is  well-suited  to  the  study  of 
arrester  behavior,  both  because  the  test  section  is  struck  with  a fast- 
moving  crack  and  because  the  test  has  been  the  subject  of  extensive 
dynamic  analysis  (see  Section  3.0).  It  will  require  two  major  modifica- 
tions, however,  if  it  is  to  be  used  for  measuring  of  very  tough 
arrester  steels.  First,  its  fracture- toughness  capacity  must  b^jn- 
creased  substantially  above  the  present  limit  of  about  250  MNm 
This  may  require  increasing  the  specimen  size  to  permit  storage  of 
greater  quantities  of  energy  in  the  arms.  Second,  the  tendency  of 
the  crack  to  branch  must  be  overcome.  It  is  believed  that  this  can 
be  accomplished  by  machine  loading  (in  place  of  wedge  loading)  in 
combination  with  a modified  grip  design. 


5.3  CORRELATION  OF  LEFM  PARAMETERS  WITH  DYNAMIC  TEAR  ENERGY  (DTE) 


Another  avenue  for  evaluating  large  fracture -toughness  values 
is  to  measure  the  total  energy  absorbed  in  the  fracture  of  a notched 
bend  specimen  in  the  dynamic  tear  (DT)  test.  The  energy  to  fracture  the 
specimen  is  provided  by  a pendulum  whose  velocity  just  prior  to  impact 
is  approximately  5 to  10  m/s.  The  total  energy  absorbed  in  the  process 
of  breaking  the  specimen,  termed  the  dynamic  tear  energy  (DTE),  is  ob- 
served diractly  by  noting  the  height  of  the  pendulum  swing  after  fracture. 
The  DTE  divided  by  A,  the  cross-sectional  area  of  the  test  piece,  is  a 
measure  of  the  fracture  energy,  R 


= l DTE 

3 ’ A 


(5.b) 


where  p = 1 when  the  energy  losses  in  the  impact  test  remote  from  the 
crack  tip  are  zero  and  |3>  1 when  significant  energy  losses  occur.  The 
corresponding  fracture  toughness,  K can  be  expressed  as 


Kd  =x/RE  (5.7) 

3 Kd2a 

DTE  = ■ (5.8) 
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.1  rvlaii  . Mi  beL.-een  DTE  and  Kp  as  ixpn:  btd  in  Equation 

i .b  . m • Down  re  the  results  ol  txperi  tints  in 
ti.  . • -.tine  .•  perimeters  aid  DTE  were  measured.  lor  steels,  the 

the  I- inch  DT  t<  and  5 i 

-i  . < i i i i L cd  L'&us  Kjp  data  suggesL  that  r is  only  about 

' . ! . r^.;  aired  to  confirm  this. 

m t c i . t ion  that  ; is  greater  tlian  1.0  comirms  the 

l - *-■  i u , namely,  that  the  energy  losses 
iv . tip  i.  ai  . . go.  t test  are  oi  a significant  magnitude  and 
e - x . ..  t . ■ i \ l . v.  Lure  'propagation  energy.  Included 

k ] . j n energy,  energy  associated  with  plastic  defor- 

i - . ...  . iL  me  specimen  boundaries  as  the  crack  approaches 

i o.-  .d  ;it  1 lic  energy  oi  the  fractured  specimen. 

,•-11  e ' . d u L a aie  >o  meager  :o  permit  estimation  ol  a reliable 

ati'  .n  ( : . b i . i -rthormore,  the  few  data  that  do  exist  are 
e:.-J  i m e,  lather  than  in  the  high  - toughness  region 

. . * • l ! i e i e s s , tor  the  purposes  of  i i.is  discussion, 

•v  ib Lc  l .r  estimating  the  5/8- inch  DT L~_  require- 
i r L.  requirements  made  in  Section  5.1: 


I'Kr.Si . i ■ LKVEi 


: l MATED  Kd  FOR 
HESTERS.  MNm~i/2 


3/8-INCH  DTE  CORRESPONDING 
TO  Kd  FOR  5=3 , ft -lbs 


Ord  in mv  Strength 
(275  MN/mt) 


200  to  400 


200  to  800 


High  Str.rgth 
( '50  MN/ffl-) 


iCO  t(  1000 


800  to  5000 


.1  .a:  tht  range  oi  5/8-inch  DTE-values 

l teel  at  tlic  upper  shell  loads.  The 

ti.  i appear  to  be  attainable  for  ordirnry- 
r . • - ti.  steels. 
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! <ri  vis  vieLd  strength  levels,  ranging 
diier  for  ditierent  regions  of  a ship, 
: r • : . , intermediate  in  severity  for 

. u ’■■••I  • » i ondary-stress  regions. 


m els  « i tract urc  toughness  for  various 
t ct  n mechanics  concepts.  lor  example, 

oi  level  ai  toughness  is  estimated  to 
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FIGURE  5.3.1.  CALCULATED  AND  OBSERVED  RELATIONSHIPS  I.EIVEF'  .Mil  TE  -.it 
ENERGY  AND  FRACTURE  TOUGHNESS 
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tu  i [d/cyj  ratio  ot  0 . 14m  ^ at  0 C (the  assumed  minimum  service  temperature), 
where  K | j i tin  critical  material  toughness  under  impact  loading  and  Jr,  the 

ield  trcuj-'tn  i ider  the  same  loading.  This  ratio  provides  an  index  of  .lateriul 
u ss  that  is  proportional  to  tlu-  critical  crack  size  lot  unstable  rupture, 

A ratio  of  0.14m'/-  represents  a toughness  level  above  the  limits  of  dynamic 
plane-strain  behavior  and  cannot  be  measured  directly  by  current  t racture-mechanics 
• : . ...ever,  through  several  approximations  and  assumptions,  Kolle  concludes 

Lii.tt  is  level  ot  toughness  can  be  achieved  by  specifying  that  the  steel  satisfy 
two  requirements: 


til  Tins  nil-ductility-temperature  must  be  -18  C or  Jess. 

( i fiie  dynamic  tear  (DT)  energy  measured  at  RT  on  a 5/8-inch 

specimen  must  equal  or  exceed  specified  values,  ranging 
from  150  to  500  ft-lbs  for  steels  ranging  in  yield 
strength  from  275  to  550  MN/tu?. 

ReJ-'c’  estimates  for  toughness  requirements  for  arrester  materials 
are  trrived  it  somewhat  more  arbitrarily  than  those  for  main-stress  regions.  He 
assumes  that,  to  be  effective,  crack  arresters  must  exhibit  a plastic  level  of 
per i ormance  under  dynamic  loading  at  0 C.  Thus,  they  should  exhibit  DT  energy 
values  considerably  treater  than  those  for  steels  used  in  main-stress  regions, 
lor  75  MN/nr  yield-strength  steels,  increasing  the  toughness  requirements  by  a 
: actor  ol  4 was  assumed  by  Rolfe  to  be  realistic.  This  results  in  a required 
5/8-inch  DT  value  at  0 C of  600  ft-lb.  Adjusting  this  requirement  for  steels 
ot  higher  strength  would  indicate  that  for  a yield  strength  of  690  MN/m-,  the 
required  DT  value  at  0 C would  be  1200  ft-lb.  According  to  Rolfe,  this  value 
is  unrealistically  high,  based  on  experience  with  high-strength  steels  that  should 
be  satisfactory  as  crack  arresters.  Accordingly,  the  proposed  DT  value  for  690 
MN/m"  steel  is  arbitrarily  reduced  from  1200  to  800  ft-lb.  Required  DT  values 
for  feels  having  yield  strengths  between  275  and  690  are  proportioned 

between  600  and  800  ft-lb. 

Hie  DT  energy  requirements  for  arrester  steels  proposed  by  Rolfe  can 


ompared 

with  those 

estimated  in 

Section  5.3: 

MINIMUM 

TOUGHNESS  REQUIRE- 

ROLFE PROPOSED  REQUIRE- 
MENTS FOR  ARRESTERS 

MENTS  FOR  ARRESTERS 
FROM  SECTION  5 . 1 

Corre- 
sponding kp 

assuming* 

3=  J.  MNro"  *'  " 

TYPE 

OF  STEEL 

KjyMNm”  ^ 2 

5/8-INCH 
DTE, ft -lb 

5/8- INCH 
DTE, ft -lb 

Ordinary  Strength 
(275  MN/m?) 

200  to  400 

200  to  800 

600 

350 

:r«ngth 

400  to  1000 

800  to  5000 

7 !5 

380 

AC  ordinary  strengths,  Rolte's  proposed  requirements  are  seen  to  be 
within  the  range  of  those  estimated  in  Section  5.3.  The  range  of  values  shown 
in  the  estimates  from  Section  5.3  for  ordinary- strength  steels  is  based  on  stress 
levels  ranging  from  100  to  150  MN/nr  and  arrester  spacings  of  from  3 to  6 meters. 
Rolte's  proposed  values,  on  the  other  hand,  do  not  take  these  factors  into 
account.  Thus,  the  agreement  for  the  two  approaches  is  about  as  good  as  cot  Id 
be  expected. 

At  high-strength  levels,  a major  disagreement  exists  between  Rolfe's 
proposed  requirements  and  those  estimated  in  Section  5.3.  Rolfe  proposes  only 
modest  increases  in  DTE  (and  the  corresponding  value  of  Kq)  as  the  yield  strength 
doubles,  while  the  estimate  of  Section  5.3  suggests  that  Kq  should  be  doubled 
and  DTE  quadrupled. 


5.5  DATA  FOR  SHIP  STEELS 


Hawthorne  and  Loss  have  characterized  the  DT  properties  of  ordinary 

strength  shipbuilding  steels,  employing  1-inch  DT  specimens*.  They  found  that 
a majority  of  the  ordinary  strength  hull  grades  cannot  meet  the  Rolfe  5/8-inch 
DT  requirement  of  600  ft-lb  at  0 C (4200  ft-lb  1-inch  DT  energy)  for  arresters. 
Their  data  show  that  only  some  of  the  ABS  Grade  E and  CS  plates  tested  in  this 
study  were  able  to  meet  these  requirements.  Of  six  plates  of  normalized  Grades 
C and  D steel,  only  one  satisfied  the  Rolfe  arrester  requirement.  None  of  the 
steels  tested  was  able  to  meet  the  most  demanding  of  the  DTE  requirements  estimated 
in  Section  5.3. 


The  problem  in  meeting  the  suggested  DTE  requirements  for  arresters 
stems  primarily  from  the  fact  that  the  transition  temperatures  of  the  ABS  steels 
are  too  high.  Each  of  the  grades  tested  by  Hawthorne  and  Loss  exhibited  upper 
shelf  5/8-inch  DTE  values  of  700  to  1400  ft-lbs  (1-inch  DTE  of  5000  to  10,000 
ft-lbs).  However,  at  0 C,  most  of  the  steels  were  within  or  below  the  transition 
region  and  the  DTE  values  were  correspondingly  less.  Heat-treated  grades  of 
steel  generally  exhibit  lower  transition  temperatures  and  hence  are  more  likely 
to  meet  the  suggested  DTE  requirements  than  are  annealed  or  hot-rolled  steels. 
Rolfe,  et  al  have  shown  that  heat  treated  ASTM  537A  steel  at  a yield  strength 
of  380  MN/m-  has  a 5/8-inch  DTE  value  of  800  ft-lbs  at  O’c.  Accordingly,  lor 
ordinary-strength  ship  steels,  it  appears  possible  to  achieve  the  estimated 
required  toughness  levels  for  crack  arresters  if  special  attention  is  given  to 
heat  treatment  to  achieve  low  transition  temperatures. 

For  higher  strength  ship  steels,  DTE  data  are  sparse,  Work  in  progress 
at  Southwest  Research  Institute  on  SSC  Project  SR-224  will  provide  DTE  data  on 
steels  whose  yield  strength  ranges  from  345  to  690  MN/m^.  Even  though  only 
limited  information  is  available  in  this  strength  range,  it  appears  certain  that 
the  high-strength  grades  will  experience  greater  difficulty  in  reaching  the 
estimated  toughness  requirements  than  do  the  ordinary-strength  grades.  As 


the  5/8-inch  DT  test  and  the  1-inch  DT  test  revealed 
for  the  respective  DT  energies. 


Correlations  between 
a ratio  of  about  1:7 
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strength  increases,  estimated  arrester  requirements  go  up  and  DTE  shelf  levels 
go  down.  Thus,  there  is  probably  a strength  level  above  which  it  becomes  necessar 
to  employ  multiple  thickness  sandwiches  of  arrester  plates  in  place  of  a single- 
thickness in-plane  crack  arrester. 


5 . 6 IMPLICATIONS  TOR  ARRESTER  Di-S  IGN 


From  the  estimates  made  in  the  foregoing  sections,  it  appears  that  only 
one  or  two  of  the  ordinary -strength  grades  of  ship  steels  currently  available 
will  be  useful  as  arresters  to  stop  large  propagating  cracks  and  these  perhaps 
only  marginally.  This  is  clouded  by  uncertainty,  however,  both  because  of 
problems  inherent  in  measuring  the  high  toughness  values  required  of  arrester 
steels  and  because  of  incomplete  analyses  of  ship  structures.  Accordingly, 
to  design  arresters  effectively,  it  will  be  important  that  good  analyses  are 
available  both  for  the  test  methods  employed  to  evaluate  the  arrester  steels 
and  for  the  various  types  of  ship  structure  that  might  employ  arresters. 

The  estimates  made  here  suggest  also  that  the  toughness  requirements 
for  arresters  increase  dramatically  with  strength  level,  assuming  a corresponding 
increase  in  operating  stresses.  Since  shelf -level  toughness  of  steels  decreases 
with  increasing  strength,  it  is  likely  that  there  is  some  cut-off  strength  level 
above  which  single-thickness  in-plane  arresters  will  be  ineffective  and  multiple 
thickness  sandwiches  of  arrester  plates  will  be  required. 


6.0  CRITICAL  COMPARISON  OP  CURRENT  AND 
PROPOSED  CRACK  ARRESTER  CONCEPTS 


The  preceding  sections  of  this  report  contain  detailed  descriptions  of 
actual  and  proposed  crack  arrester  systems  for  controlling  fracture  in  ship  hulls 
and  other  engineering  structures.  As  a result  of  this  intensive  survey,  it  is 
possible  to  categorize  the  arrester  systems  having  potential  for  application  to 
ship  hulls.  A suggested  categorization  is  given  in  Table  6.1.1. 

It  can  readily  be  seen  that  the  proposed  categorization  given  in 
Table  6.1.1  is  in  accord  with  the  energy-balance  approach  to  crack  propagation 
where  crack  arrest  occurs  when  (and  only  when)  the  crack-driving  force  for  the 
system,  , is  no  longer  equal  to  the  material's  fracture  resistance.  In  terms 
of  energy-based  quantities,  this  idea  can  be  expressed  as 


G < R . 

min 


(6-1) 


where ® m^n  denotes  the  minimum  value  of  a crack-speed-dependent  fracture-energy 
requirement.  Equivalently,  the  crack  arrest  idea  can  be  expressed  in  terms  of 
the  dynamic  stress- intensity  factor  K and  the  minimum  dynamic  fracture-toughness 
^D.rain  as 


K < KD,min 


(6-2) 


Thus,  a Class  I arrester  system  is  one  in  which  the  primary  aim  is  to  increase 
(or  Kq  m£n) , a Class  II  arrester  is  one  that  primarily  decreases  (or  K)  , 
while  a 6iass  III  arrester  is  one  in  which  both  an  increase  in  ft  and  a decrease 
in  ^occurs  simultaneously.  From  an  analysis  point  of  view,  Class  J is  the  simples 
to  treat;  Class  III  is  the  most  difficult. 

One  constraint  that  has  been  imposed  on  the  critical  comparison  of  crack 
arrester  systems  in  this  report  is  that  the  scope  of  this  program  precludes  any 
experimental  work  or  any  large-system  computations.  Yet,  on  the  basis  of  the 
results  exhibited  in  Section  3,  dynamic  analyses  appear  to  be  required  to  properly 
evaluate  the  candidate  systems.  This  points  to  the  desirability  of  making  the 
evaluations  within  the  framework  of  a relatively  simple  physical  situation  where 
the  various  effects  can  be  properly  taken  into  account.  On  this  basis,  the  DCB 
test  specimen  has  been  selected  for  the  purpose  of  this  report. 

Figure  6.1.1  shows  a set  of  hypothetical  experiments  in  which  various 
kinds  of  crack  arrester  systems  are  to  be  tested.  The  analysis  of  each  event  can 
be  made  by  a relatively  straightforward  modification  of  the  DCB  dynamic  analysis 
presented  in  Section  3.6.2.  Omitting  the  mathematical  details,  the  extensions 
required  to  treat  each  of  the  cases  shown  in  Figure  6.1.1  are  as  follows: 

(A)  High-toughness  insert--consider  that  the  material  in 
the  arrest  section  obeys  a different  Kq  = Kp(a) 
relation  than  that  of  the  base  material. 
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(B)  Integral  st if fener-- introduce  a change  in  stiffness 
due  to  a locally  increased  thickness  of  an  arrest 
section  and  increase  the  fracture  area  accordingly. 

(C)  Intermittently  attached  stiffener-- include  the  restrain- 
ing effect  of  stiffener  by  increasing  the  spring 
stiffnesses  ke  and  kr  in  the  arrest  section. 

(D)  Constant  tension  cables-- introduce  compressive  forces 
into  the  equations  of  motion  at  positions  corresponding 
to  the  cable  locations. 

Note  that  in  Cases  (C)  and  (D) , one  important  parameter  of  the  arrester  system-- 
the  stiffener  spacing  or  the  cable  length--can  be  introduced,  but  not  varied. 

That  is,  these  lengths  must  be  related  to  the  specimen  height  dimension  h. 

However,  this  should  not  be  important  here  because  only  qualitative  comparisons 
of  the  various  systems  are  sought. 

Computational  results  typifying  the  analysis  of  crack  arrester  systems 
using  the  DCB  specimen  are  given  and  discussed  in  the  following.  These  computations 
were  made  lor  three  different  types  of  arrester  systems  positioned  such  that  a 
rapidly  moving  crack  must  pass  through  it  soon  after  being  initiated.  The  basic 
dimensions  of  the  DCB  specimen  are  as  given  in  Section  3.6.3.  The  arrester  section 
dimensions  are  given  by  d = 73  mm  and  f = 25  mm  for  the  inserted  strip  and  inter- 
mittently bonded  devices,  cf.  Figure  3.6.2.  For  the  constant  tension  system, 
the  force  is  taken  at  the  position  x = 75  mm. 

The  integral  stiffener.  Type  (B) , will  be  similar  to  Type  (A)  or  Type  (C) , 
depending  on  whether  the  stiffener  does  or  does  not  fracture.  Consequently, 
there  are  three  distinct  arrester  types  that  need  to  be  considered.  Note  that, 
for  convenience,  a speed  independent  dynamic  fracture  toughness  was  used  in  all 
of  the  following  calculations,  i.e.,  Kq  = K-j^. 

Calculations  on  the  high- toughness  inserted  strip  crack  arrester,  Type 
(A)  in  Figure  6.1.1,  are  shown  in  Figure  6.1.2.  The  ratio  of  the  fracture 
toughness  of  the  arrester  strip  relative  to  the  base  material  was  systematically 
varied  to  determine  the  effect  on  the  crack  arrest  point.  Figure  6.1.2(a)  shows 
the  crack  length  predictions  as  a function  of  time  for  the  case  where  Kq  =2.0  Kj^. 
Figure  6.1.2(b)  shows  the  predictions  of  the  arrest  point  as  a function  of  the 
relative  fracture- toughness  levels  of  the  arrester  and  the  base  material.  It  can 
be  seen  by  comparison  of  Figure  6.1.2(b)  with  Figure  3.6.7  that  the  static  theory 
badly  overestimates  the  effectiveness  of  the  arrester  device.  Other  differences 
with  the  static  theory  can  also  be  seen.  For  example,  in  the  static  approximation, 
if  the  crack  does  not  stop  in  the  arrester  section,  the  arrester  has  no  effect 
on  it.  The  dynamic  calculations  shown  in  Figure  6.1.2  reveal  that  this  is  not 
the  case,  iiowever.  The  energy  dissipated  in  the  arrester  always  diminishes  the 
crack-dr iving  force  to  some  extent,  causing  arrest  before  it  would  normally  have 
occurred  even  when  it  takes  place  beyond  the  arrester  section. 

Calculations  on  the  intermittently  attached  stiffener  crack  arrester 
device,  Type  (C)  in  Figure  6.1.1,  are  shown  in  Figure  6.1.3.  Figure  6.1.3(a) 
shows  the  crack  length  versus  time  calculations  for  the  case  where  Kq  = 2.0 
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while  Figure  6.1.3(b)  shows  Che  crack  arrest  point  as  a function  of  the  relative 
width  of  the  stiffener  and  the  base  plate.  Note  that  the  elastic  modulus  of 
the  stiffener  was  taken  to  be  the  same  as  that  of  the  base  plate  (i.e.,  E = 
20,6850  N/rnm-  for  steel)  and  the  width  of  the  stiffener  was  fixed  at  25  mm. 

Hence,  the  only  arrester  dimension  varied  was  the  stiffener  thickness. 

It  can  be  seen  from  Figure  6.1.3(b)  that,  just  as  for  the  high- 
toughness insert,  the  arrester  has  an  effect  on  the  eventual  arrest  point 
even  when  the  crack  passes  through  it.  The  mechanical  differs,  however,  as  the 
amount  of  fracture  energy  is  not  changed  by  this  kind  of  arrester.  Instead, 
the  mechanical  restraint  on  the  crack-tip  region,  particularly  as  the  crack 
passes  abreast  of  it,  reduces  the  crack- driving  force.  In  terms  of  the  classif- 
ication given  in  Table  b-1,  the  high- toughness  strip  is  a member  of  Class  I. 

The  intermittently  attached  stiffener  is  a member  of  Class  II. 

Calculations  on  the  cons tant- force  (e.g. , pretensioned  cable)  crack 
arrester  system,  Type  (D)  in  Figure  6.1.1,  are  given  in  Figure  6.1.4.  Crack- 
propagation-  time  calculations  for  Kq  = 2.0  Kxc  are  given  in  Figure  6.1.4(a). 

The  relative  crack -arrest  points  as  a function  of  the  compressive  force  exerted 
by  the  device  on  the  specimen  are  shown  in  Figure  6.1.4(b). 

It  can  be  seen  that  the  same  general  effects  are  exhibited  for  the 
constant  force  device  as  were  evident  in  the  results  shown  for  the  intermittently 
attached  stiffener.  This  should  not  be  entirely  unexpected  as  this  case  is  also 
a member  of  Class  II.  In  fact,  it  can  be  viewed  as  the  special  limiting  case 
of  an  elastic-perfect ly  plastic  stiffener  that  has  completely  yielded.  Another 
physical  interpretation  of  this  kind  of  arrester  representation  is  in  terms  of 
a compressive  esidual  stress  field  in  the  path  of  the  moving  crack. 

The  results  shown  for  the  various  crack  arresters. in  Figures  6.1.2, 
6.1.3,  and  6.1.4  can  be  used  to  emphasize  a very  essential  point.  This  is  that 
there  can  be  no  absolute  measure  of  the  effectiveness  of  a crack  arrester  system. 
The  reason  is  that  whether  or  not  a crack  is  arrested  by  a given  device  depends 
on  a great  many  key  factors  in  actual  applications.  The  most  important  of  these 
variables  are 

• The  geometry  of  the  structure  in  which  the  arrester 

is  installed  and  its  specific  location  in  the  structure 

• The  loads  acting  on  the  structure,  both  at  the  time  of 
crack  growth  initiation  and  while  the  crack  is  running 

The  speed,  direction,  and  length  of  the  crack  as  it 
readies  the  vicinity  of  the  arrester. 

The  environment,  particularly  the  temperature,  as  it  affects  the  relative 
strength  and  toughness  levels  of  the  arrester  and  the  base  material  will  also 
play  a key  role. 

It  is  a design  problem  to  determine  the  most  severe  conditions  to  be 
expected  in  any  application  and  proceed  accordingly.  But,  any  such  conditions 
will  be  specific  to  a given  application  and  will  not  be  general  enough  to  serve 


-81- 


i 


t 

F 


FIGURE  6.1.4(a).  CRACK  PROPAGATION 
COMPUTATIONS  FOR  A DCB  SPECIMEN 
WITH  A CONSTANT-TENSION  CRACK 
ARRESTER  DEVICE  FOR  Kq/KI(.  = 2.0 


FIGURE  6.1.3(a).  COMPARISON  OF  CRACK 
ARREST  POINTS  PREDICTED  BY  A FULLY 
DYNAMIC  ANALYSIS  WITH  THAT  OF  A 
QUASI-DYNAMIC  ANALYSIS  FOR  A STAND- 
ARD DCB  SPECIMEN  WITH  K^  = KIC 


FIGURE  6.1.3(b).  CALCULATED  CRACK 
ARREST  POINT  IN  A DCB  SPECIMEN 
WITH  AN  INTERMITTANTLY -ATTACHED 
STIFFENER  CRACK  /ARRESTER  AS  A 
FUNCTION  OF  THE  STIFFENER 
THICKNESS 


FIGURE  6.1.4(b).  CALCULATED  CRACK 
ARREST  POINT  IN  A DCB  SPECIMEN 
WITH  A CONSTANT-TENSION  CRACK 
ARRESTER  DEVICE  AS  A FUNCTION  OF 
THE  FORCE  APPLIED  TO  THE  SPECIMEN 
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as  a basis  for  the  absolute  evaluation  of  crack  arrester  systems.  . e- 

evaluation  must  be  a relative  evaluation.  By  a relative  evalual 
specifically  meant  tii.it  the  effectiveness  of  various  designs  t , d > .1 

of  various  parameters  within  the  individual  designs!  can  only  be  < . idere: 

the  context  of  an  arbitrary  situation.  The  wedge-loaded  Dell  spec  in.-  ised 
this  work  presents  a special  kind  of  crack- propagat ion  event  to  ti  . .rresiei. 
This  event  may  or  may  not  be  representative  of  any  real  engineerii  • 1 ' 

Moreover,  the  specific  "boundary  conditions"  selected  for  the  evai  in  . ,,, 
also  be  arbitrary  and,  therefore,  will  preclude  an  absolute  ran.ki 

Perhaps  the  most  important  point  that  can  be  made  in  connectin'  wi 
the  evaluation  of  crack  arrester  systems  is  the  following.  Material  proper! 
limitations  aside,  there  is  no  upper  limit  that  can  be  put  on  the  e lectiw 
of  any  arrester  concept  to  arrest  a propagating  crack  in  a given  design  site  .ti 
This  certainly  does  not  mean  that  there  is  no  one  type  that  will  be  tilt  . ; 
suitable  for  certain  specified  circumstances.  What  is  meant  is  that  the  : 
of  a candidate  device  will  not  hinge  on  whether  it  can  be  made  to  stop  the 
• because,  in  principle,  it  can  always  be  so  constructed — but  whether  the  reset;: 

design  will  be  both  economically  feasible  and  physically  compatible  ..it:.  t . 
structural  features.  Such  considerations  are  beyond  the  scope  01  tin  work 
i taken  in  connection  with  this  report,  however. 

I , There  are  three  stages  of  the  hypothetical  crack  propagation /arrest 

problem  that  influence  the  proper  design  of  a crack  arrester  system.  Chi : e 

in  the  context  of  the  most  damaging  situation  that  can  be  envisioned  and.  ■ , 

which  must  be  addressed  by  the  designers.  The  first  is  the  stable  rack  . ..: 
of  an  initial  flaw  or  defect  to  a critical  size;  the  second  is  the  rapid  un.-' 
crack  propagation  event  itself,  culminating  in  arrest;  and  third,  tin-  t. 
and  unstable  growth  of  the  arrested  crack.  While  the  second  sum  c 

the  first  and  third  can  be  equally  important  but  are  nevertheless  ear  i 1 

The  first  stage  is  important  because  it  can  strongly  affect  the  ■ ,-,-k  k dr.  . 

I'  force  in  stage  two,  particularly  as  the  crack  approaches  the  arrester, 

r 1 stage  is  important  because  it  obviously  will  accomplish  nothing  to  ha  , :rn 

a crack  if  further  unstable  growth  is  not  precluded.  The  precise'  posiu 
the  crack  tip  could  be  important  in  making  such  a determination  and  thi  . . 
course,  will  be  affected  by  the  dynamic  features  of  the  crack  arrest  piece  . 


The  numerical  results  given  earlier  in  this  section  can  be  c 


provide  quantitative  illustrations.  Suppose  that  the  hypothetical  de 


is  to  arrest  a crack  propagating  in  a 1-inch  thick  steel  plate 
independent  fracture  toughness  of  100  'tsi  in.1'-  under  a fixed 


having  a 
di  sp  1 ae  1 


n prol- 

Spt ed- 

ent 


loading  at  a level  such  that  at  the  time  of  crack  growth  initiation  K 200  k. 
in.1'".  Figure  3.6.6  indicates  that  the  crack  speed  to  be  expected  under  thus. 


conditions  is  about  1000  tr/sec  < i.e.  , at  Kq/Kjc  = .‘.0,  V - 1000  " 


Assuming  nearly  complete  utilization  of  kinetic  energy  by  the  prop  1, 
crack  (an  upper  limit),  the  results  of  Figures  6.1.2,  6.1.3,  and  6.1..  can 
directly.  Suppose  that  to  preclude  subsequent  reinitiation  01  unstable  1 
the  crack  must  be  stopped  before  completely  penetrating  the-  arrester  .-efi 
achieve  thi  .,  the  minimi-  toughness  of  an  inserted  1-inch-  thick  tou  -'iei  steel 
strip  would  have  to  he  160  ksi  in.1  ct,  Figure  6.1.1(b).  If  1 inter. 
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TABLE  6-1.2.  EXAMPLE  CALCULATIONS  FOR  THE  DESIGN 
OF  THREE  DIFFERENT  CRACK  ARRESTER 
SYSTEM  TYPES 


Crack  Arrester 
System^3) 


High  toughness 
integral  inserted 
1-inch  wide  strip 

Intermittently 
attached  1-inch 
wide  stiffener 

Pretensioned  cable 
1-inch2  cross 
section 


Design 

Variable 


Fracture 
toughness 
of  arrester 

Stif  fener 
thickness 


Stress  in 
cable 


Minimum  Value  of  Design  Variable 

K = 200  ksi  in.~^~  K = 300  ksl  in- 

q q 


1/2 

160  ksi  in. 


0.35  inch 


270  ksi  in. 


1.20  inch 


60  ksi 


160  ksi 


7T777777«  dimensions  .7.  rel.clv.  to  . l-i«h  Ch£k  plot.  P.olo8 

a speed-independent  dynamic  fracture  toughness  of  100  ksi  in. 

(hi  The  parameter  Kn  represents  the  applied  load-flaw  size  combination  that  existed 
(b)  Ir  the  "me  Of  Snstable  crack  growth  initiation.  Fixed  displacement  boundary 
conditions  are  assumed  during  crack  propagation. 


attached  1-inch-wide  stiffener  device  is  to  be  used,  it  would  have  to  be  0.35  inch 
in  thickness;  cf.  Figure  6.1.3(b).  Finally,  if  a pretensioned  cable  with  a cross- 
sectional  area  of  1 in.2  is  to  be  used,  it  must  be  stressed  to  at  least  60,000  psi; 
cf.  Figure  6.1.4(b). 

To  further  emphasize  the  key  variables  that  influence  the  requirements 
for  an  arrester  device,  calculations  have  also  been  made  for  the  higher  initial 
load  level  of  300  ksi  in.1^2.  The  arrester  parameters  obtained  for  the  three 
cases  given  in  Figures  6.1.2,  6.1.3,  and  6.1.4  are  summarized  along  with  the 
above  results  in  Table  6.1.2.  The  significant  effect  of  the  load  level  (or 
equivalently,  the  fracture  speed)  is  obvious  from  these  results.  Note  final  y 
that  these  results  are  based  on  a geometric  configuration  that  is  a much  more 
efficient  utilizer  of  kinetic  energy  than  are  actual  ship  hull  structures.  But, 
while  over-estimating  the  minimum  arrester  parameters,  these  results  have  the 
virtue  of  automatically  incorporating  a factor  of  safety  which  more  than  likely 
would  always  be  inserted  in  any  event. 


7.. I RECUMMENDAT J i 'NS  FOR  FUTURE  RESEARCH 


There  are  two  major  points  that  have  been  identified  in  the  work  reported 
here  that  bear  on  the  proper  design  and  utilization  of  crack  arrester  systems  for 
ship  hulls.  The  first  is  that  there  is  no  general  type  of  system  that  can  be 
identified  as  being  completely  superior  to  all  others  In  all  circumstances . The 
reason  is  that,  in  principle,  there  is  no  upper  limit  to  the  crack  arresting 
capability  of  most  arrester  systems.*  By  choosing  materials  and  sizes  properly, 
most  systems  can  be  made  to  have  sufficient  "stopping  power"  in  any  conceivable 
situation.  Consequently,  the  choice  of  an  arrester  system  probably  rests  mainly 
on  economic  considerations  (e.g.,  cost  of  materials,  installation  and  fabrication 
costs),  material  availability,  and  other  design  considerations  (e.g.,  potential 
crack  initiation  sites  introduced,  the  effect  of  the  arrester  on  the  performance 
of  the  vessel),  not  on  any  limits  on  the  effectiveness  of  the  arrester  system. 

The  second  major  point  is  connected  with  the  design  of  the  arresters 
to  be  used  in  a given  application.  Once  the  particular  arrester  system  has  been 
selected,  an  exact  quantitative  evaluation  must  be  performed.  In  performing  thi= 
evaluation,  numerical  calculations  based  on  a fully  dynamic  theory  of  elasticity 
s olution  procedure  witli  boundary  conditions  properly  taken  into  consideration  are 
required ■ In  short,  statically  based  calculations  can  be  highly  misleading  with 
regard  to  the  crack  arrest  capability  of  a given  arrester  system  and  structural 
configuration.  The  extent  to  which  this  is  true  cannot  be  determined  at  this  time 
and,  in  fact,  is  a highly  appropriate  area  for  further  research,  as  described  below. 

In  performing  an  analysis  of  a crack  arrester  device  for  a specific 
ship  hull,  it  is  obviously  necessary  to  have  a detailed,  albeit  preliminary, 
knowledge  of  the  ship  hull  configuration  (e.g.,  mechanical  properties,  plate 
thicknesses,  stringer  stiffnesses  and  spacings).  A basis  for  estimating  the 
severity  of  the  loads  that  will  be  acting  on  the  ship  hull  in  the  vicinity  of 
the  crack  arrest  device  must  also  be  known.  It  is  then  necessary  to  anticipate 
where  an  unstable  crack  might  initiate  and  the  direction  in  which  it  might  be 
expected  to  propagate.  These  are  pieces  of  information  that  a ship  designer 
would  normally  have  at  hand.  But,  there  are  three  additional  general  aspects 
of  the  problem  in  which  a specific  capability  is  also  needed  to  properly  design 
the  arrester.  These  are 

• A way  of  estimating  the  growth  of  a flaw  by  fatigue 
during  anticipated  service  conditions  for  the  ship 

• A way  of  evaluating  the  mechanical  and  fracture 
properties  of  the  ship  hull  and  arrester  device 
when,  presented  with  a fast- running  crack 

• A practical  computational  method  for  performing  dynamic 
calculations  for  rapid  crack  propagation  and  crack  arrest 
in  a given  structural  configuration. 


All  systems  clearly  have  a practical  limitation  because  of  the  mechanical 
properties  of  the  materials  t.iat  are  available.  Material  considerations 
i.iJe.  with  the  further  exceptional  cases  of  devices  such  as  the  ditch-type 
arrester  being  excluded,  an  arrester  system  can  always  be  adequately  designed 

tor  a given  situation. 
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In  contrast,  these  capabilities  are  not  ordinarily  available  to  ship  designers. 

In  fact,  it  can  be  said  that  in  none  of  these  three  areas  has  enough  fundamental 
work  been  done  to  provide  ship  designers  with  the  techniques  required  to  do  his 
job  properly.  These  areas  therefore  represent  potential  topics  in  which  research 
can  be  recommended  to  provide  a design  basis  for  the  proper  design  of  ship  hull 
crack  arrester  systems. 

In  accordance  with  the  conclusions  that  have  been  drawn  from  the  work 
given  in  this  report,  a number  of  recommended  research  topics  can  be  proposed. 

In  no  particular  order,  these  are  as  follows. 

1 . A program  of  experiment  and  analysis  to  obtain  a 
technique  for  estimating  the  rate  of  fatigue  crack 
growth  in  ship  hull  materials  for  the  load  spectrum 
that  a vessel  would  he  expected  to  experience  under 
severe,  but  probable,  service  conditions.  The  results 
of  this  work  will  likely  show  that  fatigue  crack- growth 
rates  are  primarily  dependent  on  the  type  of  ship  and 
the  geographical  locations  in  which  it  is  expected  to 
serve.  This  work  could  take  advantage  of  the  large 
body  of  work  already  performed  for  aircraft  structures. 

2 . A program  of  experiment  and  analysis  aimed  at 
determining  the  dynamic  fracture  properties  of 
present-day  and  contemplated  ship  hull  and  arrester 
materials . This  program  will  likely  be  based  upon 
developing  (or  modifying)  a standardized  laboratory 
test  specimen.  Since  there  is  no  way  to  directly 
measure  dynamic  fracture-toughness  values,  these 

must  be  inferred  from  test  quantities  that  are  directly 
measurable.  Hence,  the  need  for  an  analysis  capability 
in  such  a program.  It  should  in  any  event  be  reempha- 
sized that  the  dynamic  f racture-toughness  values  are 
not  generally  the  same  as  their  static  counterparts  and, 
in  some  instances,  can  be  quite  different.  Work  in 
this  area  should  draw  upon  the  extensive  progress  that 
has  been  made  on  behalf  of  the  NRC  and  others. 


3.  A program  to  develop  a two-dimensional  dynamic  analysis 
capability  for  treating  fast-moving  cracks  in  real 
engineering  structures.  Because  of  the  generality 
that  is  needed  to  treat  arresters,  the  tool  that  must 
be  evolved  will  be  based  on  a numerical  analysis 
technique  (e.g.,  finite  different  method)  and  will 
take  the  form  of  a computer  program.  Such  programs 
are  already  available.  What  is  needed  is  that  they 

be  extended  to  explicitly  treat  arresters. 

4.  A program  I o_  dyveWtp  an  elastic-plastic  dynamic  fracture  - 
mechanics  . .inability  lor  the  initiation  of  unstable  « rack 
propagation  from  arrested  cracks.  With  the  high- toughness 
levels  used  in  ship  steels,  particularly  in  arrester 


sections,  ordinary  linear  elastic  fracture  mechanics 
treatments  are  quite  inappropriate.  In  particular, 
stable  crack  growth  cannot  be  treated  within  the  linear 
elastic  regime,  and  this  may  be  a key  factor  in  deter- 
mining the  point  at  which  a fast  fracture  arrested  at 
or  near  an  arrester  can  become  critical  once  again. 

Some  work  is  under  way  in  this  area  but  has  only  scratched 
the  surface  of  this  formidable  problem. 

5 . A research  program  to  evaluate  and  make  available  the 

response  of  a ship  under  service  conditions  in  a systematic 
manner.  It  is  recommended  that  research  programs  be 
pursued  using  model  and  full-scale  experiments  to  determine 
ship  responses  in  random  seas.  These  data  should  be 
utilized  to  advance  the  currently  available  linear  strip 
theory  programs  on  various  ship  classes.  Then  the  research 
results  in  the  areas  of  fracture  mechanics  and  probabilistic 
design  approaches  can  be  integrated  into  useful  tools  for 
the  ship  designer.  Currently,  the  ship  designer  is  aware 
of  meaningful  research  results  in  a number  of  areas,  but  he 
does  not  have  the  time  or  knowledge  to  apply  these  new  data 
to  his  designs.  The  ship  response  effort  is  also  required 
to  determine  ship  springing  and  related  elastic  strains  to 
predict  the  adequacy  of  crack  arresters  to  stop  dynamic 
cracking.  A significant  body  of  work  already  exists  as 
a result  of  Ship  Structure  Committee  work  in  this  field, 
of  course. 

It  might  be  noted  that  a research  program  confined  to  one  of  these  topics  and 
excluding  other  aspects  of  the  problem  could  be  quite  ineffective.  A research 
program  that  has  proper  design  of  crack  arrester  systems  for  ship  hulls  as  its 
objective  must  be  cognizant  of  all  of  the  various  aspects  of  the  crack  propagation- 
arrest  problem  to  be  truly  beneficial. 

Consider  one  example  problem  to  help  make  these  ideas  more  concrete. 

Figure  7.1.1  shows  a section  of  a ship  hull  that  is  periodically  reinforced 
by  riveted  stiffeners.  Suppose  that  a crack  initiates  at  the  rivet  hole  (as  they 
often  do)  and  grows  by  fatigue  under  the  normal  loadings  carried  by  the  ship  while 
in  service.  Further  suppose  that  the  ship  is  exposed  to  storm  conditions  severe 
enough  to  cause  the  crack  to  propagate  unstably  across  the  hull  plate  towards  the 
most  vulnerable  part  of  the  stiffener  reinforced  region — the  point  midway  between 
the  rivets  in  the  adjacent  stiffener.  The  first  question  is  will  the  crack  be 
stopped  at  the  stiffener  or  will  it  pass  under  it  and,  likely,  tear  apart  the 
entire  hull  in  the  process?  The  second  question  is,  assuming  that  the  crack  has 
been  arrested  at  the  first  stiffener,  can  unstable  crack  growth  be  subsequently 
reinit  iated? 

The  ship  designer  can  readily  anticipate  the  scenario  illustrated  in 
Figure  7.1.1  and  outlined  above.  The  obvious  problem  that  he  is  faced  with  in 
tli  is  . ircumstance  is  to  insure  that  the  crack  is  arrested  at  the  stiffener.  What 
tie  must  do  to  achieve  tills  is  have  the  stiffener  constrain  the  dynamic  crack  driving 
tor.  i is  the  propagating  crack  tip  approaches  it  so  that  the  dvnamic  s t ress -intens i ty 
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FIGURE  7.1.1. 
REINFORCED  SHIP 
HULL 


factor  falls  below  the  rainimuni  value  of  the  hull  plate's  dynamic  fracture  toughness 
in  tie  vicinity  of  the  arrester.  It  Is  perhaps  less  obvious  that,  having  assured 
himself  that  an  unstable  crack  would  be  quickly  arrested,  further  analysis  is  still 
needed.  The  possibility  of  the  arrested  crack  becoming  critical  once  again  still 
exists.  A little  thought  will  show  that,  to  accomplish  all  of  this,  the  designer 
will  need  to  draw  upon  research  results  from  all  of  the  topics  suggested  above 
for  future  research. 

Finally,  it  should  be  clear  that  the  basic  situation  described  here 
will  not  be  essentially  altered  regardless  of  the  arrester  type  considered,  be 
it  a weld-on  stiffener,  a tension  device,  or  an  integral  hi gh-toughness  strip. 

The  design  problem  for  ship  hulls  or  any  other  engineering  structure  where  the 
possibility  of  flaw  initiation,  stable  growth  to  a critical  size,  and  rapid  unstable 
growth  under  an  abnormally  high  load  involves  both  static  and  dynamic  fracture- 
mechanics  analysts  employing  properly  determined  material  fracture  properties. 

The  essential  research  problem  that  presently  exists  is  to  put  these  into  the 
hands  of  ship  designers  in  a form  that  they  ran  be  used  in  a practical  way  in  ship 
design. 
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APPENDIX  A 


DERIVATION  OF  FRACTURE  ENERGY,  TOUGHNESS  AND  WIDTH 
REQUIREMENTS  FOR  IN-PLANE  ENERGY -ABSORBING  ARRESTER  MODEL 


An  approximate  expression  of  the  fracture  energy,  fracture  toughness 
and  arrester  width  requirements  can  be  derived  for  the  case  of  plate  that  is 
large  relative  to  the  length  of  a centrally  located,  propagating  and  (ultimately) 
arrested  crack  as  shown  in  Figure  5.1.  The  variation  of  the  relevant  energy 
terms  with  crack  length  are  illustrated  in  Figure  A-l.  The  model  involves  a 
number  of  simplifying  assumptions:  (1)  the  nominal  applied  stress  is  essentially 

constant,  (2)  the  fracture  energy  of  the  arrester  plate  is  large  relative  to 
the  base  plate  and  independent  of  crack  velocity,  (3)  the  external  work  and 
the  strain  energy  terms,  _ ill!,  for  the  propagating  crack  can  be  approximated 
by  the  value  for  a stationary  c^ck  of  the  same  length,  (4)  the  fraction  9 
of  the  kinetic  energy  returned  to  the  crack  tip  can  be  established  independently, 
and  (5)  the  thickness  of  the  arrester  plate  is  the  same  as  the  base  plate.  For 
this  model,  which  is  described  in  Figure  A-l: 

dW  dU  .....  CT2^  a 

— - — = external  work  and  strain  energy  = — — 

(In  (In 


2a 

= 

crack  length 

2a 
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crack  length  at  the  onset  of  fracture 

2a 

a 

= 

crack  length  at  arrest 
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E 

= 

Young's  modulus 

ir 

O 

= 

fraction  of  kinetic  energy  stored  that  is 
returned  to  crack  tip 

| 

t 

Vap 

= 

propagating  crack  toughness  of  arrester  plate 

kd,ap  = /Vp 

* 

rbp 

= 

fracture  energy  of  base  plate 

« 

rap 

* 

fracture  energy  of  arrester  plate 

* 

2S 

= 

spacing  between  arresters 

cr 

* 

nominal  stress 

r 

w 

= 

arrester  width  corresponding  to  the  nominal 
value  of  RAp,  = aa“s 
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The  expressions  for  the  conservation  of  energy 
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are  valid  while  the  crack  is  propagating.  During  the  initial  period,  the 
interval  aQ  a <_  S , the  kinetic  energy  stored  is 
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which  reduces  to 
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for  the  simplifying  assumptions  listed  above.  For  the  period  the  crack  propa- 
gates on  the  arrester,  the  interval  s _<  a _<  a^: 
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(J  tt  a 
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da  - ! — da 


(5A) 


where  aa  = S + W.  The  last  term  of  this  equation  is  the  kinetic  energy  re- 
turned to  the  crack  tip  which  (by  definition)  is  equal  to  the  fraction  cp 
of  the  kinetic  energy  stored  given  by  Equation  (AA) : 
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The  minimum  arrester  fracture  energy  corresponds  with  the  value  of  at 

, ^ 1 • r • * n.  dA  dA 

a = aa  (the  point  1 m Figure  A-l;  . 
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Substituting  this  into  Equation  (6A) 


W = S /o 
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where  W is  the  arrester  width  corresponding  to  the  minimum  energy  and^toughness 
values.  To  stop  a fracture  with  an  arrester  having  a smaller  width  W • W,  and 
for  a finite  values  of  V,  larger  values  of  fracture  energy  are  required: 
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